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Abstract
Structural fibre-reinforced composites based on brittle matrices such as epoxy resins may
be subject to short-term subcritical matrix damage that develops with time to the point
where it may compromise the integrity of the structure. Currently, components that have
been damaged at the microscale are usually inspected and, depending on the extent of the
damage, repaired with patches or entirely replaced. Self-healing functionality would pre-
vent development of such damage by repairing it as soon as it appears, thereby increasing
the service life of the material.
Among the many potential methods for introducing self-healing capacity to epoxy
resins, incorporation of solvent-filled capsules is particularly promising. Cracks cause the
capsules to break, releasing a solvent that is able to swell the crack faces and induce
reaction of residual monomer and/or crosslinkable functional groups intentionally left by
under-curing the matrix. Thus, a model system based on ethyl phenylacetate (EPA)
has been shown to provide up to approximately 90% efficiency in recovering fracture
toughness, and to effectively block fatigue crack propagation in pure epoxy resin.
The present thesis focuses on the integration of a EPA solvent capsule-based heal-
ing system into a glass fibre-reinforced epoxy and the assessment of its effectiveness in
repairing static interply damage.
EPA-filled capsules with diameters in the range of 90-250 μm were produced using
an oil-in-water emulsion technique and characterized in terms of their thermal stability
and mechanical properties. Pure urea-formaldehyde (UF) as well as polyurethane/urea-
formaldehyde (PU/UF) double wall capsule shell materials were analysed, showing that
the wall thickness of pure UF capsules is independent of their diameter, whereas that
of PU/UF capsules is 4 to 6 times greater and scales with the capsule diameter until a
saturation value. The modulus of these shell materials was quantified using compression
test and an analytical model, and found to range from 1 to 4 GPa depending on the
amount of PU content in the shell composition. Bursting forces varied from 5 to 25
mN depending on the shell composition and diameter, thus providing a range of shell
compositions to select from in order to tune the capsule behaviour.
The integration of the capsules into the composite was carried out by dispersing them
manually onto the reinforcement textile prior to processing. During this phase, the opti-
mum capsule size range, position and concentration could be selected to fit in the inter-
v
stices and survive textile packing. Textile packing properties were tested in compression;
the presence of capsules led to a decrease of the reinforcement volume fraction at a given
applied load value, in particular at low packing loads, and affected the usual power law
behaviour of a textile in compression, up to the rupture of the capsules. Longitudinal
permeability was also increased by a factor of 6 to 8 in presence of capsules for a given
reinforcement volume fraction, whereas the transverse permeability was not greatly af-
fected.
A capsule-containing fibre-reinforced epoxy material was then produced using a suit-
ably adapted processing protocol. Vacuum assisted resin infusion moulding (VARIM)
was chosen as an industrially relevant, yet adaptable processing route. Priority was given
to industrially relevant fibre volume fractions of approximately 50% and to optimizing
processing parameters such as the lay-out and vacuum pressure difference. Healing as-
sessment was carried out for cracks propagated in modes I and II and due to low energy
impact loading. No crack healing was observed in the composites. This was mainly at-
tributed to a combination of significant interfacial debonding, leaving fibre material that
cannot react to the solvent apparent on the crack surface, and to a drop of 80-95% in sol-
vent diffusion kinetics into the fibre-reinforced epoxy as compared with the unreinforced
epoxy. However, the solvent-based system appeared promising for the repair of cracks
in resin-rich joints between composites, where partial healing was shown to take place.
A critical evaluation of healing systems adapted to composite materials concluded this
study. Release of an adhesive system instead of a solvent seems better suited, although
it also presents drawbacks and is often more costly to implement. Approaches based on
the introduction of thermoplastics particles could provide better healing performance and
be integrated within the composite using equivalent manufacturing protocols to those
developed in the present work.
Keywords Self-healing, solvent healing, capsules, fibre-reinforced polymers, swelling,
VARIM, DCB.
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Résumé
Les composites fibreux structuraux comprenant une matrice fragile comme les résines
époxydes peuvent être sujets à un endommagement sous-critique de la matrice, qui se
propage avec le temps et peut finalement compromettre l’intégrité de la structure. Actuelle-
ment, les composants qui ont été endommagés à l’échelle microscopique sont inspec-
tés et, selon l’étendue du dommage, sont réparés avec ajout de matière ou remplacés.
Une fonctionnalité d’autoréparation permettrait d’empêcher la propagation d’un tel en-
dommagement en le réparant dès son apparition, conduisant à une augmentation de la
durée de vie de la structure. Parmi les méthodes disponibles pour introduire la capacité
d’autoréparation au sein des matrices époxydes, l’incorporation de capsules remplies de
solvant est particulièrement prometteuse. Les fissures entrainent la rupture de la capsule,
relâchant un solvant qui peut faire gonfler les faces de la fissure et faire réagir le monomère
résiduel et /ou les groupes fonctionnels laissés intentionnellement dans la matrice sous-
réticulée. Ainsi, un système modèle basé sur le phénylacétate d’éthyle (EPA) a démontré
environ 90% de recouvrement de la ténacité, et le blocage de la propagation de fissures
de fatigue dans la résine époxyde pure. Le présent travail de thèse porte sur l’intégration
d’un système auto-réparant à base de solvant EPA dans un composite renforcé de fibres
de verre et à matrice époxyde, et sur l’évaluation de sa capacité à réparer un endom-
magement statique interlaminaire. Des capsules remplies d’EPA de diamètre entre 90 et
250 μm ont été produites avec une technique d’émulsion huile dans eau, et caractérisées
en termes de leur stabilité thermique et leurs propriétés mécaniques. Des capsules en
Formaldéhyde d’Urée (UF) et des capsules à double paroi en UF-Polyuréthane (PU) ont
été analysées, montrant que l’épaisseur de paroi des capsules UF est indépendante de leur
diamètre, alors que celle des capsules UF-PU est de 4 à 6 fois plus grande et augmente
avec le diamètre des capsules jusqu’à une valeur de saturation. Le module des parois a été
quantifié par des tests de compression associés à un modèle analytique, et se situait entre
1 et 4 GPa en fonction de la quantité de PU dans la formulation. Les forces d’éclatement
se situaient entre 5 et 25 mN en fonction de la composition et de la taille des particules,
fournissant ainsi une gamme de composition dans lesquelles sélectionner les capsules pour
adapter leur comportement. Les capsules ont été intégrées dans les composites en les
dispersant manuellement sur le textile de renfort avant la mise en oeuvre. Pendant cette
phase, les gammes de taille de capsule, position et concentration ont été optimisées pour
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que celles-ci puissent se loger dans les interstices du tissu et survivre à leur compression.
Les propriétés de compression du renfort ont été testées; la présence de capsules conduit
à une diminution de la fraction volumique de renfort à pression équivalente, en particulier
aux faibles pressions, et affecte le comportement en loi puissance habituellement observé,
jusqu’à la rupture des capsules. La perméabilité longitudinale augmente d’un facteur 6
à 8 en présence de capsules pour une fraction volumique de renfort donnée, alors que
la perméabilité transverse n’est pas grandement affectée. Un composite fibreux à ma-
trice époxyde a ensuite été produit, en utilisant un protocole de mise en oeuvre adapté.
La mise en oeuvre par infusion assistée sous vide (VARIM) a été sélectionnée car c’est
un procédé d’intérêt industriel, quoique facilement adaptable. En priorité, des factions
volumiques de renfort d’environ 50%, intéressantes pour les applications pratiques ont
été choisies, et les paramètres de mise en oeuvre comme l’empilement des couches et la
pression de vide ont été optimisés. L’étude de l’autoréparation a été conduite sur les cas
de fissures se propageant en mode I et mode II et après impacts. Aucune réparation des
fissures n’a été constatée dans les composites. En effet, ceci résulte principalement d’une
combinaison de délamination interfaciale importante, laissant de nombreuses fibres ap-
parentes qui ne peuvent gonfler dans le solvant, avec une réduction drastique de 80 à 95%
de la cinétique de diffusion du solvant dans le composite comparé à la matrice pure. En
revanche, le système à base de solvant est plus prometteur pour réparer des fissures dans
des joints riches en résine entre deux composites, où l’on a pu constater une réparation
partielle. Une évaluation critique des systèmes d’autoréparation adapté aux composite
fibreux a conclu cette étude. L’écoulement d’un système adhésif au lieu d’un solvant sem-
ble plus approprié, bien qu’il présente aussi des inconvénients et est souvent plus coûteux
à implémenter. Les approches basées sur l’incorporation de particules thermoplastiques
pourraient amener à une meilleure performance, et ces systèmes pourraient être intégrés
en utilisant des protocoles de mise en oeuvre hérités de ceux de la présente étude.
Mots clef Autoréparation, matériaux auto-rèparants, capsules, polymères renforcés de
fibres, gonflement, VARIM, DCB.
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Riassunto
I compositi a matrice epossidica e fibre lunghe, destinati ad applicazioni strutturali, sono
particolarmente soggetti a danneggiamenti subcritici, quali microfessurazioni della ma-
trice, che possono propagare e di conseguenza compromettere l’integrità della struttura.
Oggigiorno, i componenti che presentano micro-cricche sono di solito sottoposti ad i-
spezioni e, a seconda dell’entità del danno, riparati con speciali rattoppi o completamente
sostituiti. Una capacità cosiddetta auto-cicatrizzante permetterebbe una riparazione del
danno durante la fase stessa di formazione, evitandone il propagarsi. Questo consentirebbe
un’estensione della vita del materiale.
Tra i numerosi approcci di auto-riparazione per le resine epossidiche si distingue
il sistema a base di capsule contenenti solvente. Le capsule, il cui guscio viene frat-
turato da una cricca in propagazione, rilasciano un solvente che diffonde nel materiale
attraverso il piano della cricca, innescandone il rigonfiamento e la consequente reazione
di gruppi funzionali di monomero e indurente (appositamente lasciati nel materiale at-
traverso un’incompleta post-reticolazione). Facendo uso di etil fenilacetato (EPA) come
solvente, per resine non rinforzate, sono state dimostrate efficienze di riparazione del 90%,
calcolate sulla base del recupero delle proprietà di tenacità. Nondimeno, tale sistema si è
rivelato efficace nel bloccare la propagazione di cricche di fatica.
Soggetto della presente tesi è l’integrazione di questo sistema di riparazione a base di
solvente EPA in compositi a matrice epossidica e fibre lunghe di vetro. In particolare,
viene valutata l’efficacia del sistema nel riparare cricche interlaminari indotte da carichi
statici.
In una prima fase, le capsule contententi EPA (con diametri di 90-250 μm) sono state
prodotte in emulsioni di tipo acqua-olio e sono state analizzate la loro stabilità termica e le
loro proprietà meccaniche. In particolare, sono state analizzate capsule a guscio semplice
di urea-formaldeide (UF) e guscio doppio di poliuretano/urea-formaldeide (PU/UF). E’
stato dimostrato che lo spessore del guscio semplice è costante, mentre lo spessore del
guscio doppio è proporzionale al diametro delle capsule, fino ad un valore di saturazione.
Inoltre, il modulo dei gusci è stato quantificato tramite esperimenti a compressione con
l’uso di un modello analitico. Valori tra 1 e 4 GPa sono stati misurati per capsule a
guscio doppio, variabili a seconda della concentrazione di PU presente nel guscio. La
forze massime a rottura di tali capsule sono state pure misurate variabili tra 5 e 25 mN,
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a seconda della composizione del guscio e del diametro della capsula.
L’integrazione delle capsule nel composito è stata poi effettuata manualmente fun-
zionalizzando i tessuti di fibra in una fase precedente al processo. Sono state selezion-
ate in questa fase le dimensioni, la posizione e la concentrazione ottimali delle capsule,
affinché queste possano inserirsi negli interstizi del tessuto e sopravvivere intatte alle fase
di preparazione e processo. Si è in seguito dimostrato come le capsule modifichino le pro-
prietà di impacchettamento dei tessuti di fibra; in particolare, la presenza delle capsule
ha portato ad una diminuzione della frazione volumica di fibre per uno dato carico a com-
pressione applicato, nonché ad una modifica della legge di potenza che di solito descrive
le proprietà ad impacchettamento di tessuti non funzionalizzati. Nondimeno, la presenza
delle capsule ha influenzato anche la permeabilità longitudinale dei tessuti, aumentandola
da 6 a 8 volte, per una data frazione volumica di fibre. La permeabilità transversa, al
contrario, è risultata indipendente dalla concentrazione delle capsule.
La produzione del composito contenente le capsule è stata poi ottenuta tramite un pro-
cesso di rilevanza industriale quale l’infusione sotto vuoto (VARIM). Alcuni parametri di
tale tecnica, quali la configurazione ed il grado di vuoto, sono stati ottimizzati allo scopo
di considerare la presenza delle capsule durante le fasi di preparazione ed impregnazione.
E’ stato possibile ottenere compositi con valori realistici di frazioni volumiche di fibre
(50 vol%). In seguito, è stata eseguita la valutazione delle capacità riparanti per cricche
interlaminari modo I e II e dovute a impatti. Nel caso di delaminazioni modo I con signi-
ficativo debonding interfacciale, tale sistema (basato su solvente) si é rivelato inefficace.
La causa è stata attribuita principalmente alla presenza di significativo debonding e alla
scarsa capacità di diffusione del solvente nel materiale epossidico rinforzato, nettamente
inferiore (di circa l’80-95%) rispetto al materiale epossidico non rinforzato. Tuttavia,
migliori risultati di riparazione sono stati dimostrati per cricche in giunti tra compositi.
Una ricerca bibliografica critica di sistemi di auto-riparazione alternativi, adatti per
materiali compositi, ha concluso il presente lavoro. Questa è stata effettuata con l’intenzione
di individuare approcci in grado di garantire efficienze di auto-riparazione maggiori e pos-
sibilmente integrabili nel composito attraverso protocolli di processo equivalenti a quelli
qui sviluppati. Un esempio si è basato su sistemi basati su particelle termoplastiche.
Parole chiave Auto-riparazione, riparazione tramite solvente, capsule, polimeri rinforzati,
rigonfiamento, VARIM, DCB.
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Chapter 1
Introduction & objectives
1.1 Motivation
In the last century, composites have become predominant materials for high performance
structures, often as substitutes to metals. In the case of composites with a thermoset poly-
meric matrix, their development has been driven by the need for stiff structural materials
with lower weight than traditional metallic counterparts. Another important advantage
lies in the possibility of a “flexible design” that enables tailoring of the material character-
istics in order to achieve specific final properties, which can be anisotropic. Widespread
applications of these materials mainly include aerospace, energy generation, sport and
transportation (including automotive, marine and rail) engineering.
Although composites present these advantages, several technical drawbacks are still
limiting their growth. First, fibre-reinforced thermosets are significantly brittle, are easily
affected by delamination and other forms of matrix microcracking (due to low energy
impact events), other types of thermomechanical loading and manufacturing flaws that
may prematurely affect the material. These damaged areas are often difficult to detect
(visually or via nondestructive testing techniques) and, if not repaired, they can propagate
over further loading. Second, cost-efficiency is a crucial requirement: the processing steps
should reduce cycle times and costs of special moulds and equipments (usually requested
for high temperature and pressure techniques), the damage detection and the costs of
maintenance-during-service should also be quantified and taken into account.
Currently, solving of these problems is the main driver for further research and im-
provements, related to (i) fast and possibly automated processing, (ii) low pressure and
temperature processing routes, (iii) tolerant systems with high fibre volume fraction, (iv)
manufacturing reproducibility, (v) monitoring techniques during both process and service,
(vi) autonomous repair capabilities.
Concerning the latter, the concept of introducing an autonomous encapsulated repair
capability into composite materials was born from these considerations approximately
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15 years ago, when Kessler et al. presented the first structural fibre self-healing com-
posite [1, 2]. The idea was taken from the previously developed self-healing thermoset
neat polymers [3] and initial concepts of Dry et al. [4], which used hollow repair fibres.
This category of new self-healing materials was named as extrinsic, meaning that the self-
healing functionality was given by a system extrinsically introduced into the material.
This concept was inspired from a “bleeding” biological approach to repair, which consists
in actively carrying the healing agent to the site of injury and fix it to a certain extent.
Many different studies followed, varying the healing system (e.g. capsule or microvascular-
based), the type of processing or the targeted damage to heal. In parallel, another widely
studied approach were intrinsic self-healing materials, mostly based on thermoplastics,
with healing phenomena occurring at a molecular level, as initiated by Chen et al. [5], for
instance. However, among these systems, few were used so far for composites.
Once the feasibility of the self-healing functionality is demonstrated on a matrix sys-
tem, the challenge remains to improve the integration within fibre-reinforced materials
without decreasing virgin properties, to adapt the processing routes to ensure it survives
and remains in position during manufacturing and to verify its actual effectiveness.
1.2 Scope statement
In this work, specifically dealing with glass fibre-reinforced thermosets with approximately
50 vol% fraction reinforcement, we investigated an extrinsic capsule-based system, based
on solvent-containing capsules that burst and lead to solvent diffusion and matrix swelling
as well as on the presence of latent functionalities. The purpose consisted of achieving
the integration of such a system within a fibre-reinforced material and assessing its ef-
fectiveness as autonomous repairing functionality for a certain type of damage, namely
delamination. The present solvent-based healing system was chosen
. as a model, as it was widely studied for neat thermosets;
. since it represents a suitable system for achieving the most autonomous healing in
structural composites.
Although a specific system was selected, most of the work resulted applicable to any other
particle-based system.
The solvent healing system has been quite widely studied in the past years [6–13].
Specifically, recent work investigated whether the system was compatible with a thermoset
matrix (epoxy), chemically stable during storage and service (high shelf life), able to
withstand the high temperatures during curing and/or service, easily incorporated within
the neat polymer and neither toxic nor too expensive. Last but not least, the influence of
the incorporated healing system on the virgin mechanical properties was studied.
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Here, the possible use of such a healing system for fibre-reinforced thermosets was
investigated. New requirements and scope statements arose, in particular:
. the matrix and fibre reinforcement should be selected among those which are indus-
trially and widely used, without unconventional features (i.e. weaving);
. the system should be easily integrated within the composite, through functionalisa-
tion of the fibre-reinforcement or of the impregnating matrix, without cumbersome
steps;
. the system should not significantly modify the packing and permeability proper-
ties of a specific stack of fibre reinforcement, in the presence of the impregnating
thermoset matrix;
. as a consequence, the system should be compatible with a standard, or only slightly
adapted, processing technique, namely Vacuum-assisted resin infusion molding (VA-
RIM). Applied temperatures and pressures and the reproducibility should be taken
into account;
. the healing system should survive the processing step, be inert within the composite
and not significantly alter the initial virgin properties;
. one type of damage being selected, the healing mechanism should be as effective in
the presence of reinforcing fibres as it is for the neat polymer. Ideally, 100% healing
efficiency should be reached for at least one damage event and in an autonomous
way.
Moreover, research solutions, even in an embryonic step of “proof of concept”, should be
compatible with further larger scale industrial interests. Ideally, two requirements are
essential: (i) the cost of the materials should equal that of standard structural composites
(or possible increased costs due to added functionalities should be justified by a reduc-
tion in maintenance and repairing costs); (ii) the time for the manufacturing should be
minimised, relative to conventional composites manufactured with the same technique.
1.3 Thesis methodology
Manufacturing a glass fibre-reinforced thermoset containing the selected healing function-
ality which is autonomously able to repair a certain damage was the final goal of the
present work. Respecting the requirements stated above led to the workplan as reported
in Figure 1.1.
In a first phase (1), a literature review was planned; moreover, the fibre-reinforcement
and the processing technique were selected. A reproducible open-mould processing, be-
longing to the category of Liquid Composite Molding technique, such as VARIM, was
3
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1	  
• Literature	  review	  
• Select	  ﬁbre-­‐reinforcement	  and	  processing	  technique	  (TARGET:	  VARIM)	  
• Learn	  know-­‐how	  about	  capsule	  producIon	  and	  composite	  processing	  
• Select	  method	  of	  integraIon	  of	  the	  healing	  system	  (TARGET:	  FABRIC	  
FUNCTIONALISATION)	  
2	  
• Capsule	  producIon	  
• Single	  capsule	  compression	  
• Preliminar	  mechanical	  tesIng	  and	  healing	  assessment	  
• CompacIon	  and	  permeability	  study	  of	  the	  of	  the	  capsule-­‐funcIonalised	  
preform	  
• Vacuum	  compacIon	  test	  of	  the	  capsule-­‐funcIonalised	  preform	  
3	  
• Select	  suitable	  mechanical	  test	  
• Tune	  processing	  lay-­‐out	  and	  VARIM	  in	  the	  presence	  of	  capsules	  and	  for	  
speciﬁc	  sampling	  
• Mechanical	  tesIng	  and	  self-­‐healing	  assessment	  
• Post-­‐tesIng	  characterisaIon	  and	  check	  of	  the	  healing	  mechanism	  
4	  
• ValidaIon	  of	  the	  selected	  healing	  system	  for	  FRPs	  
• CriIcal	  evaluaIon	  of	  alternaIve	  healing	  routes	  
Figure 1.1: Workplan of the thesis.
targeted. The know-how about capsule production and composite processing had to be
learnt. A method to introduce the healing system within the composite prior or during
processing was then investigated and validated. A functionalisation of dry fabrics with
the encapsulated healing agent was targeted, rather than the introduction of capsules
into the matrix prior to the impregnation process, which might lead to an increase of
matrix viscosity and poor wetting, as well as a change of the fabric compressibility and
permeability.
A second step (2) consisted in preliminary studies mainly dedicated to understand
different properties. Namely, investigations were carried out about (i) which robustness
the encapsulated healing agent presents (for other capsule characterisation we referred
to [14]), (ii) whether and how the presence of the healing agent modifies the compaction
behavior of the selected dry fabrics as well as the permeability towards the selected im-
pregnating matrix, (iii) which level of vacuum during manufacturing should be applied
to ensure the survival of the healing system. Concurrently, preliminary investigations
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concerning the effectiveness of the healing system for repairing damage induced through
compression-after-impact (CAI) test was also carried out.
Therefore, once these informations were gained, (3) an appropriate mechanical test was
selected in order to assess the healing performance in a more adapted way than by CAI
test. First, tuning the processing lay-out, the technique and selecting the matrix system
suitable with the presence of the healing agent was necessary prior to carry on the manu-
facturing step. The processing had then to be adapted to the case of capsule-functionalised
preforms. Once the panels were produced, mechanical testing was performed by following
an adapted procedure for investigating the influence of the healing system on the virgin
properties and for assessing the healing efficiency. According to the results achieved, post-
testing characterisation such as fracture surface analysis and swelling tests were carried
out in order to probe the healing mechanism.
This led to (4) an assessment of the limitations of such a healing concept for composite
materials and to a critical evaluation of alternative routes for better healing performances.
1.4 Outline
The present manuscript will first offer a literature overview (§ 2) concerning existing
extrinsic healing systems for polymers, in particular capsule-based ones. After that, ma-
terials and methods used for the present work will be detailed in § 3. Three main chapters
describing the obtained experimental results will follow. Specifically, § 4 will present the
results related to the characterisation of solvent-filled polyurethane/urea-formaldehyde
(PU/UF) core-shell capsules, § 5 to the preliminar assessment of healing through CAI
testing, § 6 to the packing and permeability properties of woven fabrics functionalised
with those capsules and § 7 to the assessment of the solvent healing for VARIM-processed
composites. The final chapters § 8 and 9 will convey conclusions on the present solvent
capsule-based system and perspectives on alternative healing routes applicable to fibre-
reinforced polymers using equivalent manufacturing routes and aiming at the improvement
of the efficiency.
5

Chapter 2
State of the art
The aim of this chapter is to present a literature review concerning the domains relevant to
this work: Section 2.1 will be dedicated to briefly describe damage mechanisms in fibre-
reinforced polymers (FRPs), Section 2.2 will give an overview of extrinsic self-healing
materials, with a particular focus on the capsule pioneering system and on the solvent
capsule system, which is the object of study in the present work. Finally, Section 2.3
will explore how the healing efficiency is usually characterised and Section 2.4 which are
the key points when a healing system has to be integrated in FRPs rather than in neat
polymers.
2.1 Damage in fibre-reinforced polymers (FRPs)
Despite the advantages of structural composites (such as lightweight, high strength and
stiffness), some limitations remain mainly in the case of brittle thermoset matrices, in
particular the susceptibility to various forms of microcracking. This damage arises when
the composite is subject to excessive loading (tensile or low energy impact, static or
fatigue), or to changes in temperature or both. The material is not able to plastically
deform and reacts to stresses only by energy absorption via damage creation. Most
common observations of microcracking, as shown in Figure 2.1, are detailed as follows.
Interlaminar cracks (delamination) They occur when a gap forms between two
plies of different fibre orientation. They are often due to faulty bonding between plies,
related to (i) weak interfaces between the matrix and the fibres, due to poor wetting and
impregnation and unclean manufacturing conditions [16,17], (ii) the matrix strength and
its void content [18,19], as well as the thickness of the resin-rich areas, (iii) residual stresses
linked to the manufacturing process and (iv) the ply stacking sequence. Delaminations
have an unique orientation, which depends on many factors such as the type of loading.
This field has been widely investigated [20–22].
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Intralaminar (or ply) cracks The are either longitudinal or transverse. Their pres-
ence might lead to the composite failure and compromise the integrity of the structure, as
a consequence of (i) degradation of the composite thermomechanical properties (moduli,
Poisson ratio and thermal coefficients) and (ii) nucleation of worse forms of damage, such
as delaminations, fibre breaks, creation of pathways for corrosive liquids [23,24]. A feature
of longitudinal intralaminar fracture is the presence of large-scale bridging.
Translaminar cracks The main form consists in the fibre rupture, mainly occurring
when loading is in the fibre direction and depending on the fibre properties and, at some
extent, on the energy transfer between the fibre and the matrix [15]. Translaminar cracks
commonly translate into a high amount of energy dissipation compared to intralaminar
and interlaminar ones.
Localised subsurface damage It is commonly named barely visible impact damage
(BVID) and is a specific form of intralaminar microcracking which can be found in the case
of impact loading for fibre-reinforced materials, often carbon fibre-reinforced toughened
epoxy. This kind of damage originates from low energy impact loads, whereas the material
is able to bear high energy loads under gross failure conditions [25].
from which further work in the ﬁeld can move forward.
Work concerning characterisation of multidirectional
laminates, as well as the individual translaminar ply failure
modes, is presented in sections speciﬁc to specimen
conﬁguration. Methods of data reduction are noted and
important experimental observations are highlighted.
2. Overview of composite failure modes
For a given loading condition, formation and propaga-
tion of damagewithin a laminate (and therefore its fracture
toughness) will be lay-up dependent. Ultimately, failure
will be governed by any one, or a combination of the ply-
lev l failure mechanisms illustrated in Fig. 1. The failure
modes which can arise through direct in-plane loading are:
2.1. Translaminar ﬁbre tensile failure
Although the critical strain energy release rate of
a single carbon ﬁbre has been estimated to be as low as
7.4 J/m2 [17], this mode of failure within a composite is
characterised by the dissipation of large amounts of strain
energy. The large amounts of ﬁbre-matrix debonding and
subsequent ﬁbre pull-out, visible on the fracture surface
shown in Fig. 2(a), result in a homogenised ply-level frac-
ture toughness that has been measured to be over 3 orders
of magnitude higher than that of the ﬁbre alone.
2.2. Translaminar ﬁbre compressive failure
Under an applied compressive load, failure of the ﬁbres
aligned with the loading axis can initiate as either shear
driven ﬁbre failure, Fig. 2(b), or ﬁbre kinking, Fig. 2(c).
Which failure mode occurs is dependent on the presence of
shear stresses that can arise through features such as
localised ﬁbre misalignment. The relative motion of the
crack faces during shear failure induces bending ahead of
the crack tip, subsequently a transition to ﬁbre kinking
failure will always occur [18].
2.3. Intralaminar matrix failure
This is characterised by matrix cracking either longitu-
dinally or transversely with respect to the ﬁbres, as shown
in Fig. 1. The fracture surface resulting from longitudinal
intralaminar matrix failure is highlighted as in Fig. 2(a).
The measured toughnesses of these failure modes are
comparable to their interlaminar counterparts [19,20].
The critical strain energy release rates associated with
these modes of failure are properties that are intrinsic to
the material system, and need to be measured for complete
characterisation of the damage tolerance of the material
system in question.
3. Characterisation of multidirectional laminates
The majority of work in the ﬁeld of translaminar frac-
ture characterisa ion has b en n measuring the toughness
of multidirectional laminates manufactured from unidi-
rec ional or 2D woven material systems. In these cases, the
measured toughness is dependent on lay-up andwill be the
result of the constituent plies failing in a combination of
any of the aforementioned failure modes. Of the specimen
conﬁgurations found in the literature, shown in Fig. 3, only
the compact tension, three/four point bend and extended
compact tension specimens exhibit stable crack growth.
Crack growth stability is necessary to capture the change in
critical strain energy release rate with the evolution of
damage in e form of a esistance curve (R-curve).
3.1. Compact tension
The compact tension (CT) conﬁguration, shown in
Fig. 3(a), is perhaps the most widely used specimen conﬁg-
uration for translaminar fracture toughness measurement of
composites. It has been used for characterisation of carbon/
epoxy [21–30], carbon/carbon [31], carbon/PEEK [32] and
boron/aluminium [33,34] laminates.
A range of approaches to data reduction have been
used; but by far the most widely used [23,25,33–36] has
been through the determination of the critical stress
intensity factor, KIc, as recommended by the ASTM E399
for metallics [37]:
KIc ¼ Pct ﬃﬃﬃﬃwp f ða=wÞ (1)
where Pc is the critical load causing crack extension, t andw
are deﬁned in Fig. 3(a), a is the crack length and f ða=wÞ is
Fig. 1. Overview of ply-level failure modes.
M.J. Laffan et al. / Polymer Testing 31 (2012) 481–489482
Figure 2.1: Different modes of laminate failures [15].
Main types of delaminations and intramatrix cracking can be listed as shown in Ta-
ble 2.1 [26].
Moreover, an exhaustive review by Prof. J. A. Nairn [23] examines features of in-
tralaminar microcracking as the most common form of damage in cross-ply laminates,
according to the fact that cracking in 90° plies during axial loading (either tensile, fatigue
or thermal [27]) in the 0° direction is the most frequent experimental observation. For a
certain cross-ply laminate [0n/90m]s or [90n/0m]s, several factors influence initiation and
propagation of one or multiple cracking phenomena:
. 90° plies thickness: as 90° plies thickness decreases, the strain to initiate micro-
cracking increases (Figure 2.2); for thick 90° plies (in comparison with 0° supporting
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Delaminations Matrix cracks Holes
Bearing surface damage Bearing surface damage Bearing surface damage
Blistering Contamination Crushing
Corner/Edge splitting Corner/Edge crack Cuts and scratches
Corner radius
delamination Cracks Fastener holes
Delamination Edge damage Fibre kinks
Unbond or debond Matrix cracking Fracture
Edge damage Matrix crazing Holes and penetration
Fastener holes Porosity Reworked areas
Fibre/matrix debond Translaminar cracks Surface damage
Holes and penetration Voids
Pills or fuzz balls
Surface swelling
Table 2.1: Composites defects types categorised by Bull [26].
plies) microcracks are fracture events with an instantaneous propagation over the
entire cross-section, for thin plies microcracks propagation is controlled or could be
entirely suppressed. This phenomenon is not predicted by the “first-ply failure the-
ory” (the first ply cracks or fails as soon as the strain in that ply reaches its strain
to failure), for which the strain to failure seems independent of the ply thickness.
. stacking sequence and supporting 0° plies thickness: in case of multiple
microcracking, crack density is a function of the applied stress and it increases as the
stress increases, until reaching a saturation value, which is inversely proportional to
the 90° plies thickness (Figure 2.3). However, the onset of the curve, which repre-
sents the crack initiation, increases as the 90° plies thickness decreases (in thin 90°
ply groups, as mentioned before, microcracking might also be suppressed). Further-
more, the initial rate depends on manufacture defects and statistical inhomogeneities
of the material and its broadening has been associated with the statistical variability
of the laminate. These curves have also been found influenced by the stacking plies
sequence and by the 0° supporting plies thickness, that is:
– microcracking starts sooner in [90n/0m]s than in [0n/90m]s, but [0n/90m]s lam-
inates eventually develop more microcracks at saturation (Figure 2.3);
– [0n/90m]s laminates have one ply group which cracks and it develops a roughly
periodic array of aligned microcracks, while [90n/0m]s have two ply groups
which develop staggered cracks, resulting in a different microcracking pattern
depending on the stacking sequence of plies. Furthermore, at high crack den-
sities, curved cracks may appear near straight ones, due to the interactions
between existing cracks which cause the maximum stress shift to a location
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near the 0/90 interface and close to an existing crack instead of midway be-
tween two (Figure 2.4).
. loading mode and conditions: microcracking phenomena consequent to bend-
ing loading are quite similar to those to which tension loading usually leads. Biaxial
loading (i.e. residual stresses due to changes of temperature, thermal shrinkage,
presence of moisture), instead, can be treated as two uniaxial loadings, one on a
[0n/90m]s laminate and one on [90n/0m]s, and can induce cracks both in central and
surface plies, then a relative amount of them depending on the ratio n/m. Moreover,
other non-uniform stress states need to be taken into account besides uniform stress
states, especially in the case of holes or other laminate defects. Fatigue loading,
then, introduces some more variables, such as the amplitude of the fatigue stress
ΔK, the distance of a microcrack to the neighboring existing ones, and ΔT in the
case of thermal fatigue.
Glass/Epoxy Cross Ply Laminates
‣ Compare experiments to laminate strength-based analysis
‣ Strain to formation of the first microcrack in 90˚ plies
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Figure 2.3: Microcrack density as a function of applied stress for several different
[0/90n]s(left) and [90/0n]s (right) carbon/epoxy laminates [23].
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Surface Microcracking Experiments
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Figure 2.4: Roughly periodic array of aligned cracks in a [0/904]s laminate (left); stag-
gered cracks in a [904/02]s laminate (right) [23].
. matrix and fibres properties, strength of interface: volume fraction of
the matrix is usually low, since fibres constitute the most significant part of the
composite, thus matrix contributes less to load bearing in comparison with fibres.
The fibre toughness and their statistical defects, but especially their distribution and
their interface within the matrix, play a fundamental role in the fracture mechanics
of composites. For carbon-FRPs, several reviews [28, 29] summarise the research
work about the carbon fibre-epoxy interface.
In summary, the interply cracks (delaminations) often start from the debonding of trans-
verse fibres and the intraply cracks (within 90° plies as the most frequent, as main evi-
dences of damage) are the locations where the self-healing system should effectively op-
erate. Moreover, the increase of 90° ply thickness decreases the strain for microcracking
(also in relation with the stacking sequence of plies): this should be considered when new
components are introduced in the material (as healing microcapsules), since their pres-
ence could have a significant influence on the damage mechanisms. Finally, knowing how
loading modes are related to consequent damages should be harnessed to select proper
healing assessment methods: this means choosing a reference material property and a
specific testing protocol in order to calculate the healing efficiency.
Considerable research efforts were devoted in order to control and solve damage in
composites, thus increasing the material life-time. Besides trying to reduce the material
ageing, general approaches consist of:
. Prediction: In general, failure models have been studied and improved for damage
prediction. In particular, theoretical analysis methods have been developed to pre-
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dict the effective thermomechanical properties of a laminate with a given amount of
already existing microcracks, the conditions for which those microcracks formed and,
by the mean of some failure modes, how the microcracking will evolve [23]. Both the
initiation and propagation of the crack take place into composite materials accord-
ing to failure mechanics models which are more complex than those for traditional
materials. Both fibres and matrix failure, and the presence of a complex system of
crack deflection mainly due to interfaces, have to be taken into account [30]. Most
successful models are energy-based (finite or non-finite), rather than strength-based
(non-fracture mechanics) [27]: they are able to predict the next microcrack when
the total energy released by its formation (GM) reaches the critical energy release
rate for microcracking (GMC) [31].
. Detection: In order to localise the damage and quantify its extent (damage map-
ping), several non-destructive evaluation (NDE) techniques are employed, such as
ultrasonic inspection, X-rays tomography, low-frequency vibrations method, ther-
mography and vibro-thermography, acoustic emission techniques. These can be
applied during maintenance steps and during processing too, during which the ap-
plication of a high control for detecting the formation of defects is of great impor-
tance. Besides these conventional approaches, the concept to incorporate a damage
self-detection capability into the material itself has been recently also developed,
through the use of optical fibres (with Bragg gratings or distributed sensing), piezo-
electric sensors/actuators, magnetostrictive materials, bruisable paintings. All these
embedded components should be sufficiently miniaturised not to disrupt the struc-
tural integrity of the component and they should allow a health monitoring both
during fabrication and in service. One of the main goals is to achieve a complete
damage detection without the need of conventional NDE during service or, even
worse, the interruption of service [30,31].
. Repair: Depending on the damage extent and composite system, the component is
removed from service and replaced entirely or it is repaired by manual intervention.
An effective repair expertise is then necessary for providing the possibly full restora-
tion of the initial mechanical properties. During the last decade, the concept of an
autonomic repairing response which the material should be able to intrinsically give
has been increasingly developed. This feature for synthetic materials is inspired
from living biological systems, which are able to provide an autonomic healing at
the site of damage, and should allow extended lifetime and reliability.
. Prevention: Examples of damage prevention are for example the application of
high safety margins and the creation of specific type of structures able to prevent
a known damage. For instance, in order to improve interlaminar properties of the
2D laminates, three dimensional (3D) textile preforms have been developed during
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the past 30 years by using different manufacturing techniques like weaving, knit-
ting, braiding, stitching, and non-woven manufacturing [32–34]. With 3D woven
composites, it is possible to produce complex shape preforms, less expensive then
the same shapes made of 2D laminates and also easier to manufacture. They also
have good through thickness properties, higher delamination and ballistic damage
resistance and better impact damage tolerance. Using 3D fabrics permits the cre-
ation of reinforcement geometries that can be extremely complicated in all three
dimensions. To add to the complexity, the internal structure of a 3D preform can
be further distorted when compressed and shaped into the mould with consequent
loss of their potential [35].
In summary, exploiting effective prediction methods, detection strategies, expert repair
techniques or autonomic healing capability proper of the material, and prevention ap-
proaches, a new concept for damage management can emerge and the material life-time
could be substantially elongated.
2.2 Extrinsic self-healing approaches
The present chapter is intended to give an overview about how and when a specific
category of self-healing approaches first appeared, namely the extrinsic ones (§ 2.2.1). Two
subsections of this chapter will highlight: (i) a pioneering approach, extrinsic and based
on the presence of capsules, which will herein viewed as a reference for presenting other
similar systems (§ 2.2.2), (ii) a specific variant of the pioneering system, namely the solvent
capsule-based approach, also extrinsic and developed as a non-toxic alternative (§ 2.2.3).
As mentioned, the present work investigated healing by using this latter approach.
2.2.1 The birth of self-healing
The idea of a material which is able to self-heal, that means repair itself in an autonomous
way, dates back to ’80. This concept came out from the scientific aim of extending the
lifetime of polymers thanks to the ability of autonomically healing forms of damage that
develop in the material, whenever and wherever: this can prevent their worsening and
eliminate the need of the usual repair steps. Repair steps would not be external (manual
or not) interventions anymore, but they would rely on an intrinsic functionality of the
material itself, able to recover from injuries. The self-healing approach is inspired by
nature, since it mimics the ability of many living biological systems which are capable of
reacting to external stresses and damage thus providing an autonomic healing response
at the site of interest (our skin is an outstanding example).
Self-healing materials can be polymers, metals and ceramics; moreover, auto-repairing
mechanisms can be used both in neat and in composite materials; as yet, however, more
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efforts have been dedicated to research on neat materials rather than composites.
The first efforts in this field refer to the University of Illinois at Urbana-Champaign
(USA), where they started to apply their engineering and chemical know-how to impart
a native self-healing functionality to a polymeric material. In 1993, Prof. C. Dry, in
collaboration with Prof. N. Sottos, developed a FRP with an embedded healing system
constituted of hollow repair fibres filled with a reactive fluid [4]. Some years later, in 2001,
a variant of this first system appeared, developed by Prof. S. White and N. Sottos, again
in Illinois: they used microcapsules instead of hollow fibres, filled with a healing agent and
embedded within a neat thermoset material (unreinforced), and they successfully demon-
strated the healing capability for both static fracture and fatigue healing [3]. Figure 2.5
shows a scheme of these two “pioneering” systems. In both cases, the healing mechanism
was taking place thanks to the rupture of the hollow fibres or of the microcapsules caused
by a propagating crack, and the consequent delivery and polymerisation of the healing
agent to the damage site (crack). The two different approaches can be seen as leading
models for the two categories of extrinsic self-healing materials as they will be defined
later on: microvascular and microcapsule-based. Many other variants followed inspired
to those and developed by a large number of research groups.
Figure 2.5: Schematics of the first self-healing systems: (left) FRP with hollow repair
fibres [4] and (right) neat polymer with microcapsules [3], developed at the University of
Illinois in 1993 and 2001 respectively.
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2.2.2 The pioneering capsule-based self-healing system and its
alternatives
A detailed description of the system developed by White et al. at the Beckman Institute
for Advanced Science and Technology (University of Urbana-Champaign), starting from
2001 [3], is given here. Features of the system are listed and variants developed by other
research groups are reported. A summary is given in Figure 2.6. In particular, the
pioneering healing system is here defined as (a) extrinsic, (b) irreversible, (c) capsule-
based, it is (d) contained in an epoxy material and (e) based on two components, namely
capsule and catalyst (f). Specifically, the first component is composed of dicyclopentadiene
(DCPD) capsules (g) and the second one of a Grubbs’ catalyst. Finally, the healing
phenomenon (i) relies on the ring-opening metathesis polymerisation (ROMP) and (j) is
pseudo-autonomous.
a) Extrinsic system The system was defined by Yuan et al. [36] as extrinsic, because
it contained a specific new phase that releases the healing agent which wets the crack faces
and rebonds them at a macroscopic level. It differs from intrinsic systems, where atomic-
or molecular-level interactions (chain mobility or entanglement, reversible polymerisation,
melting of thermoplastic phases, hydrogen bonding, etc.) allow the healing mechanism.
Different strategies exist [37]:
. reversible bonding based on the reversibility of specific chemical reaction;
. chain re-entanglement based on the chain mobility enhanced by a thermal trigger;
. non-covalent bonding healing related to hydrogen bonding and ionic clustering where
the reversibility of the polymer cross-link is observed.
We omit herein the description of the wide number of intrinsic systems developed through-
out the years, since it would go beyond the scopes of the present thesis.
b) Irreversible system The self-healing mechanism was irreversible [38]; the healing
event can occur just once in a certain position, because the healing phase is used and
consumed after the repairing event. This differs from reversible systems, in which the
healing event can take place several times at the same location, thanks to the reversible
characteristics of the chemical (or physical) healing process. Extrinsic systems are usu-
ally irreversible, whereas intrinsic ones are in general reversible, even if there are some
exceptions.
c) Capsule-based system The systems was based on the segregation and storage of
the healing agent in capsules, later embedded within the material, until they are ruptured
by damage phenomena or dissolved. The rupture triggers the release of the capsule
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content, which then reacts somehow with the matrix or with a second component. Several
microencapsulation techniques are currently used for food science, medical, industrial and
agricultural applications, although the most used ones in the case of self-healing materials
are in situ, interfacial and meltable dispersion. A detailed review by Blaiszik et al. [37]
distinguished five steps in which the design cycle process for capsule-based self-healing
materials can be divided.
1. sequestration: the healing agent is stored in capsules by encapsulation or phase
separation with specific parameters adapted to the physical and chemical charac-
teristics of the healing agent, as solubility, viscosity, volatility, pH, reactivity. So
obtained capsules are usually characterised from a mechanical/physical/chemical
point of view before integrating them within the matrix.
2. integration: the capsules are carefully incorporated into the material (neat or re-
inforced), paying attention to their reactivity with the matrix, induced shear forces
and temperatures during manufacturing, size scale and dispersion/distribution is-
sues.
3. mechanical characterisation: the material is mechanically characterised to
verify whether the embedded capsules have modified strength, fracture toughness,
elastic modulus, etc., depending on their content, mechanical properties and bonding
characteristics with the matrix.
4. triggering: the healing agent is released on the crack plane and takes effect in a
certain way; this is usually validated through different kind of in situ or postmortem
observations.
5. healing evaluation: this last step evaluates the effectiveness of the healing
system; we cross-refer to § 2.3 for a detailed illustration about how the healing
efficiency can be quantified.
As aforementioned, the capsule-based system constitutes one between two main existing
approaches to develop extrinsic self-healing materials (Figure 2.7). It differs from the
microvascular approach, which currently employs either discrete or interconnected capil-
laries integrated within the material and containing the healing agent, which is released
when a damage event occurs and passes through these channels. Compared to capsule-
based systems, a higher probability of the healing agent “containers” to be intersected by
a propagating crack, a higher agent volume per crack area and the possibility of multiple
healing events are known advantages of microvascular-based approaches.
Discrete channels (1D) can be fabricated independently and can be loaded with the
healing agent prior to incorporation. They can be placed into a material in an array with
an appropriate spatial distribution in order to distribute the healing agent throughout the
17
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Figure 2.7: The two main extrinsic healing approaches: microcapsule-based (left) and
3D microvascular-based (right) systems [37].
material. Early attempts were performed by Dry and coworkers [39], who explored the
healing ability of epoxies containing mm-diameter glass pipettes pre-loaded with either
cyanoacrylate or a two-part epoxy system. Glass and carbon FRPs have been widely
studied for incorporation of discrete channel arrays, since their integration can be easily
done during the laminate assembly process. The use of glass pipettes quickly shifted to
the use of hollow glass fibres (HGFs) by Motuku et al. [40], Bleay et al. [41] and later
by Pang and Bond [42, 43]. Improved results were obtained later by Trask et al. [44,
45] and Williams et al. [46, 47]. Key issues of these systems began to be addressed
such as the channel method of incorporation and (pre)filling, the effects of the channels
on the material properties due to their large diameter, the effectiveness of the fluids
contained in the channels and the ability to reach damaged areas and lead to property
recovery. The potential for discrete channel arrays for use in damage healing (reduction)
is significant, but limited by the difficulty in replacing fluid to depleted channels. Also,
the need for each channel to fill specific damage volumes for complete self-healing dictates
constraints on how sparsely the channels can be distributed, which affects mechanical
properties. Reductions of initial damage strength up to 16% [44] and flexural strength
up to 8% [45] were demonstrated for HGFs, with variations depending on the channel
spacing. However, the evaluation of the quantitative influence of the healing system on
the mechanical properties is still absent in many works.
On the other hand, interconnected channels (2D and 3D) requires simultaneous fab-
rication with the surrounding material. This certainly increased the process complexity.
Moreover, in this case, the choice of the healing agents requires chemical compatibility
tests with the matrix due to their direct contact at the channel surface. Several techniques
have been developed to fabricate these networks. Micromachining has been extensively
used and consist in creating channel grooves at the microscale with traditional machining
principles (such as electrical discharge or laser), while chemical etching limits to specific
applications. Both techniques, however, are more versatile for 2D networks, while they
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suffer the limitation of requiring stacking in order to build 3D structures. Other ap-
proaches are based on direct ink writing (DIW), which involves the controlled extrusion
of fugitive viscoelastic inks through a fine nozzle to build 3D structures, which are later
infiltrated with the matrix material. These structures are then liquefied and removed
from the matrix via vacuum, leaving a 3D microchannel network. Examples of use in
the literature include the early work by Toohey et al. (coatings with 3D channels filled
with DCPD [48, 49]), Williams et al. [50, 51], Patrick et al. (foam sandwich core with
channels filled with two-part chemistry based on PU [52]) and Hamilton et al. [53] An
alternative method consists in the use of sacrificial fibres which are then thermally de-
polymerised [54]. For DIW-based techniques, some authors found negligible influence of
the channels on the mechanical properties [50,51], while some others showed a reduction
of stiffness and fracture toughness up to 11%, varying with the channel orientation.
A recent approach developed by Bond and coworkers in Bristol (UK) relied in coupling
the self-healing mechanism with damage redirection. The use of interleaves and vascules
in the structure (without affecting the global mechanical properties) is able to provide a
successful damage steering and visualisation, as well as healing, although research is still
on going.
d) Host material: epoxy matrix A thermoset epoxy resin was selected as matrix for
the self-healing system. In the beginning, the resin was neat (i.e. was not reinforced with
any glass or carbon fibre to make a composite). Most articles proposed the epoxy as it
is structural, and specifically brittle, material that could easily show how damages can
be repaired through the self-healing mechanism. A variant could be vinyl esters, used for
example by Cho et al. [55] employing PDMS-based healing chemistry and by Wilson et
al. [56] employing the pioneer DCPD/Grubbs’ system. For more realistic studies which
could represent more what is used in industrial applications, toughened thermoset must
also be studied.
e) Two-component healing system The initial system was based on two compo-
nents: the first consisted of microcapsules filled with the monomer dycyclopentadiene
(DCPD) and with a shell composed of urea-formaldehyde (UF), which are dispersed
within the polymeric matrix; the second was a Grubbs’ first generation catalyst, also
incorporated into the matrix. The healing phenomenon takes place thanks to the ring-
opening metathesis polymerisation (ROMP) of DCPD, activated by the catalyst, which is
an essential ingredient. Two-components systems differ from those with one component,
which is the healing agent as itself; for the healing to occur, any additional reactant is
needed or, if it is, the reactant does not constitute a second component, as it is a matrix
latent functionality, for instance. A brief description of some one component-systems
follows.
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. Several studies have been conducted on one-component systems based on the intro-
duction of a meltable additive, usually thermoplastic, under the form of microcap-
sules. These approaches usually belong to the category of intrinsic systems based
on chain re-entanglement. Typical thermoplastic additives include polycaprolac-
tone, poly(ether sulfone), poly(methyl methacrylate), poly(sulfone), polyetherim-
ide [5, 57–68].
. Yang et al. [69] developed a specific type of healing agent intended to be embedded as
a single-component, as it does not need any catalyst. It consists of an isophorone di-
isocyanate (IPDI) encapsulated via interfacial polymerisation of polyurethane (PU).
This agent is effective in humid conditions at ambient temperature, but its healing
behavior in a matrix has not yet been tested.
. Caruso et al. [6, 7] developed a new concept of single-component healing system
for epoxies, which relies in encapsulated polar solvents as healing agents, such as
chlorobenzene and less toxic aromatic esters as phenylacetate (PA) and ethyl pheny-
lacetate (EPA). This repair system is based on the swelling of the epoxy crack faces
in the presence of the solvent released by the ruptured capsules and on the subse-
quent reaction of the residual epoxy and hardener functionalities of the under-cured
matrix. This enables the healing of the fracture plane, by reptation and chain in-
terlocking. More exhaustive informations about the features of this system will be
detailed in § 2.2.3.
f) Capsule-catalyst system The pioneer system was defined as a capsule-catalyst
system [37], meaning that one of the two components (DCPD in this case) is encapsulated,
whereas the other (Grubbs’ catalyst) is not (even if it can be protected by an external
wax layer). A similar example of capsule-catalyst system was proposed by Coope et
al. [70], who presented a system based on a epoxy/EPA solvent mixture encapsulated in
a polyUF shell, that undergoes a ring-opening polymerisation when it reacts with a Lewis
acid, such as scandium(III) triflate under the form of dispersed solid particles, which
acts as curing initiator for the epoxy monomer. Autonomous self-healing experiments
demonstrated healing efficiencies up to about 80%. In a more recent work [71], Coope
et al. reported on self-healing of the above epoxy/catalyst system in FRP samples. The
epoxy/EPA healing agent was introduced to the crack zone through small vascules and
healing efficiencies close to 100% were observed. Furthermore, it was reported that the
healed material showed brittle or ductile behavior as a function of solvent to epoxy ratio
in the healing agent. Nevertheless, a pressurized pumping system was required to achieve
a self-healing effect as capillary forces were insufficient to fill the crack gaps.
This capsule-catalyst approaches differ from:
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. multicapsule systems: both the healing agent and the “polymeriser” are encap-
sulated. In Table 2.2 some examples are reported with respective references.
1st encapsulated
component
2nd encapsulated
component Matrix Catalyst Ref.
PDMS resin PDMS resin elastomeric Pl [72]
PDMS resin DMDNT catalyst epoxy vinylester coating / [73]
PDMS resin DBTL catalyst PDMS layer / [74]
epoxy resin mercaptan epoxy / [75]
epoxy resin boron trifluoridediethyl etherate epoxy / [76]
epoxy resin amine epoxy / [77]
Table 2.2: Multicapsule self-healing systems.
. latent functionality systems: whatever the healing agent is, either encapsu-
lated or dispersed, the polymeriser is a “latent” residual functionality present in the
matrix or an environmental stimulus; the most appropriate example is the approach
developed by Caruso et al. [6,7], as described above, where the latent functionality
consists in the unreacted amines of the under-cured matrix. Thus, we can define
that a latent functionality system is usually single-component (and not always vice-
versa). Other examples can be found in the literature: it is worth mentioning Zako
and Takano [78], who introduced encapsulated thermally polymerizable epoxy in
a glass fibre/epoxy composite, and healing was initiated by a thermal stimulus,
and Sauvant-Moynot et al. [79], who used water-soluble self-curing epoxy-amine
adduct particles, the polymerisation of which was triggered by an aqueous environ-
ment, for a coating with anti-corrosion properties. Also, Yin et al. [80] proposed
CuBr2(2-MeIm)4 (the complex of CuBr2 and 2-methylimidazole) as a dispersed la-
tent hardener to polymerise the epoxy contained in 30-70 μm diameter capsules. In
the case of 10 wt% epoxy microcapsules and 2 wt% latent hardener, the self-healing
epoxy exhibited a 111% recovery of its original fracture toughness and a healing
efficiency of 68% in a plain weave glass fabric epoxy laminate.
. phase separation systems: the healing agent and the polymeriser are phase-
separated in the matrix, as it happens in the anti-corrosion self-healing coatings
developed by Cho et al. [73].
g) 1st component: DCPD-microcapsules As mentioned, the healing agent used
by White et al. was DCPD, a liquid monomer which is available in the shape of two
stereoisomers, endo- and exo-DCPD. Since the beginning, White et al. used exo-DCPD,
thanks to its better polymerisation kinetics. Another diene monomer, the 5-ethylidene-
2-norborene (ENB), was investigated by Lee et al. [81] and by Guadagno et al. [82], and
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compared to DCPD: ENB has a faster reaction rate in the presence of much lower amount
of catalyst (consequently lower cost), low viscosity (enabling full infiltration in the crack
volume), no melting point and resulted in a cured resin with higher Tg, whereas it had
similar thermal resistance and shape.
UF encapsulation The encapsulation of the DCPDmonomer in a urea-formaldehyde
shell was performed by an agitated emulsion technique. This method consisted in form-
ing an oil-in-water emulsion, in which the oil part is the healing agent that needs to be
encapsulated and the water part is an aqueous medium. The immiscibility of the two
phases and the continuous mechanical stirring of the emulsion enable the formation of
healing agent droplets: their stabilisation is achieved by the shell formation. The com-
ponents of the shell, urea and formaldehyde, are contained in the aqueous medium, as
they are soluble in it. They start to polymerise depending on chemical conditions such as
temperature and pH: the growing polymer shell is hydrophobic and forms at the interface
between the healing agent droplets and the aqueous medium. This kind of encapsulation
gave good results over the past years and most authors used it, but some variants have
been developed in order to achieve specific characteristics:
. Caruso et al. [83] developed the so called double-shell wall encapsulation: in order to
produce double-shell capsules, they dissolved a polyisocyanate precursor (Desmodur
L75) in the healing agent, which then reacted with water and formed a PU inner
shell under the usual UF outer one. The capsules were so constituted of two shells
PU/UF and they showed higher mechanical resistance and higher shell thickness.
. Yang et al. [69] formed capsules with PU-only shells, for the encapsulation of IPDI,
as explained above.
. Mookhoek et al. [84] produced original binary capsules, constituted of a core of liquid
DCPD with a PU wall which contained small capsules of UF-shell dibutylphthalate
(DBP, as catalyst).
. Sun et al. [85] investigated an encapsulation with melamine-formaldehyde (MF) shell
and compared it to the standard UF one. Measurements of the capsule mechanical
properties showed superior yield points and deformations at bursting, meaning an
higher resistance for surviving during their integration within the matrix, but a
lower probability of rupture over load transfer from the matrix, during the crack
initiation/propagation.
. Hu et al. [86] also performed a MF-shell encapsulation and showed the direct pro-
portionality between rupture stress and capsule diameter.
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Agitated emulsion techniques can be easily adapted to encapsulate liquid phases, whose
viscosity is not too high and which are not reactive; controlling pH, temperature and
agitation rate results in a change of capsule properties, such as strength, shell thickness
and morphology, dimensions and shape. An alternative technique is producing capsules
through microfluidics [87–92]. This approach is based on the production of capsules drop
wise, using microdevices composed of hydrophobic and hydrophilic microchannels, that
deliver the liquid components and enable the formation of different emulsions. The great
potentiality of microfluidic techniques relies in the fact that new capsules characteristics
can be achieved: nanodimensions, non-spherical shapes, monodisperse size distribution,
UV curable shells, different core materials.
Shell morphology As a common feature of UF microcapsules [93], their shell has
an inner smooth layer, 160-220 nm thick [13] (depending on manufacturing parameters),
with low porosity and permeability, and an outer layer which is porous and rough instead
(Figure 2.8). The shell thickness increases up to 1.3 μm when the shell is composed of
two layers (inner polyurethane and outer UF) [13, 83]. The surface properties of micro-
capsules influence their adhesion (interfacial bonding strength) to the matrix, thus the
load transfer; therefore, an accurate control of the emulsion parameters is directly linked
to the achievement of desired surface characteristics [94]. Li et al. [95] and Jackson et
al. [96], in order to enhance the interfacial bonding between capsules and matrix, attached
different types of silanes to the surface of UF capsules, thus obtaining improved tensile
strength and impact resistance of material (composites in their case). Moreover, the shell
thickness also plays an important role since the capsules should be thick enough in order
to “survive” during handling, and thin enough to be ruptured by the propagating crack.
Figure 2.8: Surface morphology of microcapsules, showing the inner smooth surface (170
nm thick) and the outer rough one (up to 60 nm thick) [94].
Capsules size The average capsule size is controlled by the agitation rate of the
emulsion bath, i.e. it is possible to obtain microcapsules of 10-1000 μm by adjusting the
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agitation rate in the range 200-2000 rpm. The linear correlation between agitation rate
and diameter (log-log scale) is supposed to respect the dependence between droplet size
and shear rate described by Taylor in 1932, even if the fluid flow is not laminar but
turbulent [94]. The mean capsule diameter using a stirring rate of 550 rpm is 200 μm, as
also reported by Brown et al. Smaller capsules were obtained in 2007 by Rule et al. [97]
with the traditional technique (just increasing the stirring rate) and in 2008 by Blaiszik
et al. [98], who used a modified protocol and obtained capsules with diameters down to
220 nm. The microcapsule diameter directly influences the performance of self-healing
materials, since it is related to the amount of healing agent they contain. For instance,
Rule et al. [97] showed that, if a sufficient amount of healing agent is delivered to fill
the crack volume, the healing performance is maximised, while it falls off when the crack
volume exceeds the amount of available healing agent.
Yields Yields of the encapsulation was defined by Brown et al. [94] by the ratio of
the mass of retained capsules to the total mass of core and shell constituents. Typical
yields of 79–92% were obtained at 550 rpm agitation rate. These values could be lower
because of phenomena such as capsule breakage due to too high shear conditions or non-
recoverable fractions over high agitation rates.
Capsules shape As yet, capsules were obtained with a spherical shape. More
recently, research studies were conducted in order to investigate non-spherical shapes and
their influence on self-healing properties:
. Mookhoek et al. [84], through geometrical simulations, compared spherical and elon-
gated capsules in terms of probability of being intersected by a crack plane and
amount of deliverable healing agent, at a fixed content of microcapsules in the ma-
trix, i.e. 10 vol%. Elongated capsules showed a greater healing potential, taking
into account that, as far as considering liquid-based self-healing material systems,
the average crack opening rather than the crack length governs the healing poten-
tial. Indeed, spherical capsules (volume = 15.7 μm, diameter = 3.11 μm) released
an amount of healing agent capable of filling a crack volume with an uniform crack
opening distance of maximum 0.317 μm, whereas cylindrical capsules (randomly ori-
ented, aspect ratio (AR) = 5, volume = 15.7 μm) released a larger amount, meaning
a larger maximal opening distance, i.e. 0.448 μm. Elongated capsules have also been
compared in term of aspect ratio, orientation and influence on the elastic modulus.
. Bon et al. [99] investigated how to process non-spherical capsules, by forcing spheri-
cal capsules in narrow capillaries which imparted to capsules elongated shapes with
ARs up to 10. The use of a synthetic clay Pickering agent was crucial for the capsule
shape stabilisation after the capillary exit. No quantitative results were provided
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about the fill content and the size distribution and the capsules produced were
poorly resistant.
. Xu et al. [100] produced monodispersed cylindrical capsules using a microfluidic
flow-focusing device (MFFD) and stabilised their shape through direct UV or ther-
mal polymerisation, convalidating the idea that encapsulation methods through
microfluidics may represent new and effective routes for capsule-based self-healing
materials.
Shelf-life After processing, microcapsules must survive before the introduction
within the matrix, which means that the core content and the initial mechanical properties
must be kept. Thus, leakage, diffusion phenomena or breakage must be avoided in order
to keep the healing agent contained in the core. An average fill content decrease of 2.3%
after 30 days of exposure to ambient laboratory conditions were judged acceptable [94].
Blaiszik et al. checked the capsules thermal stability by TGA, showing less than 5%
capsule weight loss below 100°C (mainly due to residual water), then a significant weight
drop in the range 150-220°C, corresponding to the vaporisation of DCPD [98]. As a
consequence, the presented system is not suitable for applications with manufacturing
and service temperatures higher than 120°C.
Other issues which reduce the capsule shelf-life might arise from ageing, as explained
in § 2.2.3 for solvent-filled capsules. An elegant solution for the ageing problem can be
found in healing systems with encapsulated epoxy and amine by Jin et al. [77]: the healing
efficiency, in this case, was tested to be stable up to six months ageing, only except an
initial drop in the first month.
Mechanical properties Keller and Sottos [101] investigated the microcapsule me-
chanical properties early in 2006. A Young’s modulus of 3.7 ± 0.2 GPa was obtained
from a single-capsule compression test and it was found to be independent of the cap-
sule diameter (capsules with different diameters were tested) whereas failure behavior
was found to be dependent (smaller diameters, lower failure loads but higher normalised
failure strength).
Content within the matrix In the first studies, the capsule concentration was
kept at 10 wt%, in order to achieve at the same time maximal DCPD delivery and maximal
virgin fracture toughness. Then, it was showed that reducing the concentration to 5 wt%
decreased the virgin toughness but did not have a significant effect on the healed one; this
enabled to get quasi-complete healing. Figure 2.9 summarises the results by Brown et
al. [102] concerning the effect of the capsule concentration (given the size) on the fracture
toughness and the healing efficiency.
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8
Investigation of the fracture planes highlights two phenomena: fracture in pure epoxy
results in locally smooth surfaces down to micron length scales (Fig. 5a), and fracture in
the healed material occurs as separation between the bulk epoxy and polyDCPD film
(Fig. 5b).  It is believed that the increased healing efficiency is due to changes in the
chemical kinetics and thermodynamics with increased catalyst concentration.  Shorter
cure times reduce the time required for healing efficiency to reach a steady value, and
serve to prevent diffusion and evaporation of DCPD from the crack plane.  The ability of
the healed reference sample to obtain full healing (healing efficiency = 100%) indicates
excellent adhesion between the polymerized DCPD and the epoxy.
Microcapsule Concentration
Reference samples were also used to study the influence of microcapsule
concentration on the fracture of the virgin and healed epoxy.  Reference samples
containing 0% to 25% by weight of microcapsules (ca. 180 m m diameter) were tested to
failure and healed manually.  As observed earlier in the literature for the addition of rigid
particles,23,24 the virgin fracture toughness of the material increased significantly with
increasing concentration of microcapsules, as shown in Fig. 6.  A maximum is achieved
at 15 wt% capsule concentration.  This toughening is due to a classic crack pinning
mechanism.  Observation of the fracture surface in Fig. 5c shows clear evidence of the
characteristic tails that indicate crack pinning.
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Fig. 6–Virgin and healed fracture toughness dependence on capsule concentration
Healing agent from the microcapsules was allowed to evaporate from the crack plane.
The reference samples were then injected with a 4.4 g/l mixture of Grubbs catalyst and
DCPD monomer.  Healed fracture toughness demonstrated minimal dependence on
capsule concentration over a range of 5 to 20% by weight.  For capsule concentrations
close to the value that yields a maximum for the virgin fracture toughness (~ 15 wt%), a
local minimum in healing efficiency occurs due to the minimal gains in healed fracture
toughness, illustrated in Fig 7.  For capsule concentration of 25 wt% and greater near
perfect healing is obtained.  However, as the capsule concentration increases the
9
manufacture of samples becomes more difficult due to increased viscosity of the uncured
resin.
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Healing of the Self-Activated System
The Grubbs catalyst, which is the trigger mechanism for the polymerization of the
healing agent, is a fine purple powder with a propensity to form small clumps.  From
chemical investigation of the interactions between the catalyst and the epoxy system it
has been shown that contact of the catalyst during manufacture with the DETA curing
agent can degrade the catalyst.26  The availability of active catalyst is dependent on the
order of mixing the catalyst, resin, and curing agent, the catalyst particle size, and the
amount of catalyst added.  These parameters are investigated with self-activated samples.
Mixing Order
Chemical investigation using proton NMR shows that Grubbs catalyst retains its
activity in the presence of the EPON Ò  828/DETA system during curing.  However,
contact with only the DETA curing agent causes rapid deactivation of the catalyst.  To
ascertain the optimal mixing sequence of the three components (EPON Ò  828/12pph
DETA/ 2.5 wt% Grubbs catalyst) to retain the activity of the catalyst and maximize
healing efficiency, we manufactured six self-activated samples for each of the three
possible sequences.  In each case, the first two components were mixed and degassed for
5 minutes.  The third component was then integrated and degassed for an additional 5
minutes.  Results are summarized in Table 3.  Virgin fracture toughness values were
statistically unchanged for the three mixing sequences.  The healed fracture toughness
values and, in turn, the efficiency of healing indicated the importance of mixing order.
Mixing the catalyst and DETA curing agent first results in no measurable healing.
Failure to recover fracture toughness was interpreted as an indication that the catalyst was
extensively deactivated.  As shown in Table 3, the other two mixing orders had little
effect on the healing efficiency.
Figure 2.9: Virgin and healed fracture toughness as a function of capsule concentration
(capsule diameter around 180 μm) [102].
h) 2nd component: Grubbs’ catalyst As mentioned, the polymerisation of DCPD
takes place in the presence of a transition metal-based catalyst. A 1st generation Grubbs’
c talyst, namely bis (tricyclohexylphosphine) benzylidine ruthenium(IV) dichloride, was
chosen as it shows high cross metathesis activity towards olefins, being tolerant to a wide
range of functional groups as well as oxygen and water, and being often used for ROMP
and RCMP (ring-closing metathesis polymerisation) [103]. The initial idea consisted in
dispersing the catalyst as itself within the matrix, with relatively large loadings (2.5 wt%);
it was supposed that, once DCPD microcapsules were broken by the propagating crack,
the released liquid monomer, flowing in the crack plane, would have undergone ROMP
by contact with the embedded catalyst and the curing would have provided structural
continuity across the crack plane. However, different issues arose:
. Poor dispersion: the catalyst did not disperse well in the epoxy and tended to
clustering; this led to lack of catalyst in certain matrix regions and, consequently,
26
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to incomplete healing [1].
. Deactivation by amines: the epoxy’s curing agent, diethylentriamine (DETA)
in the present system, was found to deactivate the catalyst as the epoxy initially
cures. In 2005 Rule et al. [97] proposed to encapsulate the catalyst with wax, in
order to create an insoluble barrier between catalyst and amine, thus preventing
catalyst deactivation and clustering. For the polymerisation to occur, the wax had
to be dissolved by DCPD, though. It was showed that wax encapsulation was ef-
fective since it increased the catalyst’s resistance to the amine, while decreasing
the catalyst’s reactivity by 9% only (quantified in term of ROMP kinetics). More-
over, wax encapsulation also enabled a better distribution of the catalyst within
the epoxy, with a 10 times lower overall catalyst loading. Thus, healing efficiencies
were improved thanks to wax encapsulation. Moreover, self-healing induced with
wax microspheres exhibited non-linear elastic behavior: the ductility was explained
with the fact that polyDCPD is plasticised by the wax that dissolved in the DCPD
prior to curing. The problem of the catalyst deactivation was also solved by using
alternative curing agents as tertiary amines, that showed lower chemical interaction
with Grubbs’ catalyst, or adjusting the mixing order and curing time [2].
. Time-dependent dissolution kinetics: an effective polymerisation of DCPD
depends on the catalyst dissolution in the monomer phase; the dissolution rate
must be faster than the polymerisation rate, otherwise lack of catalyst could lead
to incomplete coverage, partial polymerisation and poor mechanical recovery. This
was investigated in 2006 by Jones et al. [104], who also studied the influence of the
two crystal polymorphs (one purchased by Sigma-Aldrich and another by Strem
Chemicals) of Grubbs’ catalyst on the ROMP efficiency.
. Crystallite size-dependent catalyst efficiency: since smaller crystallites
have an higher surface area/volume ratio, very fine Grubbs’ catalyst crystal size
are found to be better. Indeed, the importance of the surface area for self-healing
applications consists in the fact that the effective catalyst concentration in the
material corresponds to the amount of exposed catalyst in the fracture plane. Thus,
it seems crucial to decrease the dimensions of catalyst crystallites before use. Jones
et al. [104] demonstrated that catalyst recrystallisation after dissolution is better
than grinding. Among three distinct methods of recrystallisation, the precipitation
from CH2Cl2/acetone presented the best results, but freeze/drying presented the
best yield.
. Prohibitive cost: at the present time the cost of the chosen catalyst makes the
system unsuitable for large-scale production (131 CHF per 100 mg [103]), even if
low loadings (0.25 wt%) are sufficient for achieving high healing efficiencies.
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. Acute toxicity (oral, dermal, inhalation), category 4 [103].
. Relatively low decomposition temperature: Jones et al. [104] checked by
DSC the catalyst’s thermal stability, which resulted 190°C in nitrogen atmosphere
and 140°C in air. In this context, care should be taken concerning cure and post-cure
schedules for the polymeric material.
An alternative use of the catalyst was performed by Skipor et al. together with Motorola
Inc. (United States patent No. 7108914 B2 [105]). The catalyst was attached on the outer
surface of the microcapsules, as shown in Figure 2.10: a raised overall healing efficiency
was claimed. The functionalisation was performed by a chemical reaction able to create
a molecular bridge unit.
Figure 2.10: Schematic drawing representing a crack rupturing microcapsules on which
the polymerisation catalyst is directly chemically attached [105].
Alternative catalysts for ROMP of DCPD were used:
. tungsten (VI) chloride (WCl6) as catalyst precursor for the polymerisation of exo-
DCPD: both “as received” and recrystallised forms of this cheaper catalyst re-
sulted in promising results, even if the catalyst needed a co-activator to initiate
the ROMP (phenyl acetylene, 0.5 wt%) and a dissolution agent to dissolve WCl6
in DCPD (nonylphenol, 1 wt%) [106]. Further investigations about catalyst protec-
tion, catalyst/matrix interfacial bonding improvements by silanes [96], alternative
co-activators and better catalyst dispersion are still on going.
. Grubbs’ catalysts of other generations (first, second and Hoveyda-Grubbs’ second)
were studied and compared by Wilson et al. [107,108] and Liu et al. [109], showing
contrasting results.
. photo-activated catalysts: in this case the reaction was a photo-induced ring-opening
metathesis polymerisation (PROMP) that took place at room temperature, was
extremely fast, simple and environmental friendly. Sriram et al. [110] suggested
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this with both DCPD and ENB monomers, although they did not perform any
experimental tests.
i) Ring-opening metathesis polymerisation The reaction between DCPD and cat-
alyst provides the monomer ring to open, forming a polyDCPD network, which is tough,
highly cross-linked and not too sensitive to chemical shrinkage; the polymerisation is
highly exothermic, it works at room temperature (even if it has slow kinetics), it is stoi-
chiometric independent (10000:1 as monomer/catalyst ratio is the minimum) and it does
not need thorough mixing. Referring to DCPD ring-opening metathesis polymerisation
(ROMP) in the presence of the Grubbs’ catalyst, Rule and Moore [111] and Mauldin et
al. [112] found out that different DCPD stereoisomers correspond to different polymerisa-
tion kinetics. Exo-DCPD has a 20 times faster polymerisation rate and a shorter gelation
time, compared to the other stereoisomer; this is usually considered as an advantage, but
it could be an issue at low catalyst weight fraction (0.25 wt%), because the fast gelation
impedes the complete catalyst dissolution, thus leading to inferior degrees of cure in com-
parison with endo-DCPD. Nevertheless, appropriately blending of exo/endo DCPD could
lead to optimal compromises. Moreover, Kessler and White [113] performed a detailed
research to investigate the cure kinetics of DCPD in the presence of the Grubbs’ catalyst:
they showed that the activation energy for the reaction strongly increases for degrees of
cure greater than 60% and that the catalyst concentration influences the cure kinetics
(a specific and unexpected dependence of the reaction rate on the square of the catalyst
concentration was found by Aldridge et al. [114]).
j) Pseudo-autonomous system An optimal self-healing system is able to recover
100% of its original properties without any human intervention. External stimuli able
to increase the self-healing ability may consist in applying a clamping pressure and/or
heating the system. The system by White et al. is considered as pseudo-autonomous, as
the self-healing takes place mostly with a clamping pressure to reduce crack volume.
2.2.3 The solvent capsule-based self-healing system
A more detailed explanation of the latent functionality system as initially investigated by
Caruso et al. [6, 7] is here given, as such a system will be used for the purposes of this
thesis.
Before 2007, healing/sealing through the use of solvents was investigated only for
thermoplastic polymers. Caruso et al. aimed at demonstrating, for the first time, healing
of cracks in thermosets. The healing mechanism, in both cases, was based on the polymer
surface wetting and the swelling of the bulk polymeric material, that induced reptation
and interlocking of the chains across the crack plane.
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A screening of different organic solvents (Figure 2.11) was performed in 2007 in order
to verify their healing ability (the tests were performed using tapered double cantilever
beam (TDCB) samples and manually injecting the solvent). It was found that the effec-
tiveness in terms of healing was somehow related to the solvent polarity, meaning that
polar aprotic solvents (such as nitrobenzene, N-methyl pyrrolidone, dimethylacetamide,
dimethylformamide and dimethyl sulfoxide) worked better than protic solvents. Solvents
with electric constants between 5 and 38 were found ideal. However, the relationship be-
tween polarity and healing efficiency remained unclear. On the other hand, it was found
that the high polarity of such solvents prevented their successful encapsulation in UF,
so they had to be discarded. Chlorobenzene, the encapsulation of which was possible,
although giving a lower healing efficiency, was selected as the best option for the “proof
of concept”. Control systems with hollow capsules and capsules containing non polar sol-
vents (xylene, hexane) were also tested as control experiments showing no healing. No
detailed explanation about the healing mechanism was given at that time; however, pos-
sible hypotheses were indicating that the solvent released from the fractured capsules was
able to wet and swell the crack faces, enabling an intimate contact between them; more-
over, healing appeared to be inversely related to the crosslinking density (maximal with
the stoichiometric ratio of 100:12 for EPON 828/DETA, as shown in Figure 2.12), sug-
gesting that the healing mechanism was based on the further curing reaction of unreacted
functionalities, promoted by the matrix plasticisation in the presence of the solvent [6].
groove TDCB samples (64 mm in length). Short-groove TDCB
specimens were used for in situ healing because the average
crack face separation is reduced from 26 ím (long-groove
TDCB specimens) to 3 ím near the pin holes of the sample,
allowing for intimate contact between the crack faces.24 Healing
efficiencies were defined as the ratio between the healed and
the virgin fracture toughness,18 represented as Ł ) Phealed/Pvirgin,
where P and Ł represent the fracture peak loads of each sample
and the healing efficiency, respectively. ESEM images were
taken on a Philips XL30 ESEM-FEG instrument after a sputter-
coating treatment with a gold-palladium source.
Results and Discussion. Solvents were screened for their
healing ability by manually injecting solvent on the crack plane
of a fractured epoxy test specimen. These reference tests mimic
the behavior of the autonomic mechanism of solvent delivery
that involves the fracture of embedded microcapsules. An
extensive evaluation of common organic solvents shows a range
of healing efficiencies that correlate with solvent polarity (Figure
1). The five solvents that exhibit the highest healing efficiencies
are nitrobenzene, NMP, DMA, DMF, and DMSO. These
solvents have dielectric constants ranging from 32 to 47 and
boiling points that range from 153 to 210 °C. However, the
relationship of polarity with healing efficiency remains unclear.
On both extremes of the polarity spectrum, cyclohexane,
hexanes, formamide, and water show no indication of recovering
mechanical integrity. This behavior is consistent with control
experiments for our previous self-healing system that showed
no healing in the absence of catalyst.18 Figure 1 demonstrates
that polar aprotic solvents work well as healing agents, while
protic solvents do not. The hydrogen bond acceptor ability of
the five most efficient solvents is another possible explanation
since the reacted epoxy contains a large amount of free hydroxyl
groups that serve as hydrogen bond donors. The dipole-dipole
interaction between hydrogen bond accepting solvents and free
amines has been reported as having an influence on the epoxy-
amine curing reaction.16
The autonomic self-healing system requires that solvent be
encapsulated and the capsules embedded in the epoxy matrix.
Unfortunately, the five highly efficient solvents noted above
have yet to be successfully encapsulated using the urea-
formaldehyde (UF) in situ polymerization method19 due to their
high degrees of polarity. Reverse-phase encapsulation proce-
dures26 were attempted for these solvents, but also proved
unsuccessful to date. Thus, chlorobenzene emerged as a potential
solvent for our initial autonomic healing experiments since it
was encapsulated previously.27 Chlorobenzene was encapsulated
by the UF in situ polymerization method19 with average
diameters of 160 ( 20 ím. Though a chlorobenzene system
does not show the best recovery of fracture peak load (Figure
1), it serves as an adequate choice for initial demonstration of
the solvent-based, autonomic healing concept. Chlorobenzene
is a stable healing agent, and thus far it has remained in the
interior of the microcapsules. No leakage through the shell walls
is observed as indicated by no difference in mass loss measured
by thermogravimetric analysis (TGA) experiments after several
weeks.
When the chlorobenzene capsules are incorporated into the
epoxy matrix and a crack propagates through the material, the
solvent is released and wets the crack plane surface upon
cleavage of the capsules. Using a short-groove TDCB specimen
(25 mm in length of the crack-directed groove),24 healed peak
load increases with the amount of microcapsules in the system
(Figure 2).
Intimate contact between the two crack faces is necessary
for healing to occur. The fracture surface of a healed, in situ
TDCB sample shows cleavage of the UF microcapsules on the
surface (Figure 3). The fracture surface changes from a normally
smooth surface to a more textured appearance with the addition
of microcapsules. This type of morphology has been observed
previously and is consistent with fracture surfaces of epoxy with
embedded microcapsules.28
In order to assess the healing performance, we calculated a
healing efficiency based on the ratio of the healed peak load to
the virgin peak load.18 Representative virgin and healed load-
displacement curves for in situ fracture testing of a system with
20 wt % UF chlorobenzene capsules are shown in Figure 4a.
Average healing efficiencies for this system are shown in Figure
4b, where the UF/chlorobenzene system shows 82% healing
efficiency. This efficiency is comparable to the reference tests
for chlorobenzene (78% healing efficiency). Nonpolar solvents
such as xylenes and hexanes were also encapsulated using the
UF in situ polymerization procedure to serve as controls for
healing behavior. Fracture testing of specimens with microcap-
sules of these control solvents was performed yielding efficien-
cies of 38% and 0%, respectively. Additionally, hollow UF
capsules were incorporated into TDCB samples and showed no
healing.
Figure 1. Summary of reference tests for various solvents. Healed
peak fracture load is plotted as a function of polarity. The empirical
solvent parameter (ET) is related to polarity as described in [25]. Error
bars represent standard deviation based on 5-10 samples.
Figure 2. In situ healing with UF chlorobenzene microcapsules.
Recovered peak loads were recorded 24 h after the initial fracture event.
Error bars represent standard deviation based on the indicated number
of samples (in parentheses). The reference test point is for manually
injected chlorobenzene (5 íL) in a short groove TDCB specimen.
Figure 3. ESEM images of an epoxy fracture surface after healing
and subsequent fracture with 20 wt % UF chlorobenzene core capsules.
The inset shows a magnified region of the surface.
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Figure 2.11: Solvent screening for their healing eff ctiveness [6].
Given the toxicity of chlorobenzene, in 2008 the investigations moved to greener sol-
vents, such as PA and EPA, and hexyl acetate (HA) for control experiments. Moreover,
given the proposed mech nism that healing was occurring thanks to the curing of residual
amine functionalities transported in the matrix sol, it was believed that co-encapsulating
epoxy functionalities could increase the healing efficiency. However, by keeping th stoi-
chiometric ratio of EPON 828/DETA fixed in the matrix, it w s found that adding too
30
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In an effort to explain the healing observed in the EPON
828:DETA system using chlorobenzene, the amount of amine
was varied from 8 to 25 pph. Short-groove reference tests with
manually injected chlorobenzene showed an increase in healed
peak load with increasing amine concentration as shown in
Figure 5. Conversely, healing performance appears to be
inversely related to cross-link density (above the stoichiometric
point). The highest cross-link density was observed at 12 pph
DETA and agrees with previously published studies.29
Successful solvent healing was also applied to two other
epoxy systems, EPON 862:EPICURE 3274 and EPON 828:
TEPA. Reference tests with manually injected chlorobenzene
for these matrices show significant recovery of fracture tough-
ness, with average healed peak loads of 80 and 60 N,
respectively, compared to 66 N for EPON 828:DETA. In
conclusion, solvent-based healing of a thermoset at room
temperature has been demonstrated with encapsulated chlo-
robenzene. This autonomic self-healing system recovered 82%
of the materials’ original fracture toughness. Healing of
polymeric materials with encapsulated solvents is an economical,
simple, and potentially robust alternative to the recovery of
virgin properties of a material after crack damage has occurred.
The mechanism of healing and effect of crosslinking in the
matrix is currently under investigation. Other work involving
water and epoxy resins suggests that the solvent may plasticize
an epoxy matrix to allow molecular mobility that promotes
further curing reactions, which could apply to the present system
where solvent penetrates through the material to cause further
crosslinking.30,31 Spectroscopic evidence and thermal data will
be necessary to elucidate the healing mechanism and will be
reported in due course.
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Figure 4. (a) Representative load-displacement curves for short-groove
specimens demonstrating in situ healing with 20 wt % urea-
formaldehyde chlorobenzene capsules. (b) Reported healing efficiencies
for manually injected chlorobenzene reference tests and the in situ
healing with various solvents in UF capsules.
Figure 5. Healed peak load and cross-link density vs amine content
for EPON 828:DETA epoxy. Samples were healed for 24 h after
manually injecting 5 íL of chlorobenzene onto the fracture plane.
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Figure 2.12: Healed peak loads as a function of amine content thus crosslinking density [6].
much epoxy (20 wt%) in the capsule core decreased the healing efficiency from 82 to
30%. Thus, a core formulation with 5 wt% epoxy dissolv d in the solvent was consid-
ered as optimal and provided efficiencies of 100% inde d. In other terms, the a ount of
epoxy delivered to the crack plane (function of epoxy c nt nt in th core, capsule loading
and diameter) was also calculated and the maximal healing was found to occur for 0.1
mg/cm2. The healing efficiency also was found to depend on the capsule content; com-
plete recovery was obtained at 15 wt% capsule loading and above. Furthermore, up to 3-5
multiple healing events were observed and attributed to the rupture of new capsules by
the propagating deviated crack. Preliminary ageing studies demonstrated that the healing
efficiency decreased by approximately 30% after storing the samples at room temperature
during a month [7].
The encapsulation procedure of EPON 828 (DGEBA) and EPON 862 (DGEBF) di-
luted in chlorobenzene, PA and EPA was fine tuned by Blaiszik et al. in 2009, adapting the
standard protocol of Brown et al. [94]. Yields, size distributions, stirring rate/capsule size
dependence, thermal properties and shell morphology were studied. Concerning EPON
828/EPA capsules, yields were approximately 92%, the dependence between agitation rate
and capsule diameter was found as indicated in Figure 2.13, the capsules were thermally
stable up to 180°C (only 20% of mass loss). Moreover, a new protocol to produce capsules
with diameters smaller than 10 μm was investigated [8].
More recently, the solvent-based healing chemistry so developed for bulk polymers was
applied by Jones et al. for repairing the debonded interface between an epoxy matrix and a
glass fibre. A single glass fibre was isolated and functionalised with EPON 862/EPA cap-
sules, in order to integrate them specifically at the site of damage. Microbond specimens
consisted then in the functionalised fibre embedded in an epoxy droplet. Healing effi-
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Figure 2.13: Mean diameter of EPON 828/EPA capsules (15 wt% epoxy) as a function
of the emulsion stirring rate [8].
ciency was calculated from the ratio of the recovered interfacial shear strength (IFSS) to
the virgin value. Nearly full recovery was achieved; with increasing the capsule coverage,
the virgin IFSS was only slightly reduced and higher efficiencies were obtained. Moreover,
a critical volume of EPON 862 of 300 μm3 was required for a maximal recovery [11].
Further investigations on the mechanism of the solvent healing were then presented
by Neuser et al. between 2012 and 2014. The main conclusions that arose were:
. it was confirmed that healing is firstly based on the matrix swelling due to the
diffusion of the solvent molecules into the matrix: the mass gain as a function of
time was quantified in an ideal case of epoxy cylinders immersed in EPA and the
swelling thickness was calculated assuming a Case II diffusion (Figure 2.14). It
was estimated that the maximum crack face separation that can be healed in 24 h
corresponded to 31 μm [9];
. it was found that the EPA diffusion into the matrix causes a decrease of the matrix
Tg by approximately 30°C, enabling the reaction of the unreacted functionalities
present in the matrix [9]. The presence of unreacted functionalities is a necessary
condition without which the system cannot be effective; however, it represents an
unstable state for the material, since the degree of polymerisation can evolve over
time leading to the loss of the healing functionality;
. ageing studies demonstrated that the healing efficiency could drop from 77 to 13%
after 77 days ageing at room temperature (Figure 2.15), due to the solvent diffusion
through the capsule shell, that led to a decreased residual heat of reaction of the
matrix. This confirmed the previous observations of M. Caruso [115], who showed
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Figure 2.14: Average weight of epoxy cylinders immersed in EPA solvent over 3 weeks
and corresponding swelling thickness [9].
that 30 days ageing of the capsules caused a decrease of healing efficiency, that
dropped down to zero after 1.5 years, due to the completion of the polymerisation
thus the lack of residual functionality within the matrix (Figure 2.16). Moreover,
it was noticed that water absorption was another reason for a decrease in healing
efficiency, as the hydrophobic solvent diffuses less successfully in the presence of
moisture. Thus, in order for the solvent system concept to be viable, the solvent
diffusion must completely be avoided and the moisture controlled [10];
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Figure 2.15: Effect of TDCB samples ageing at room temperature on autonomic healing
efficiency of EPON 828/EPA capsules [10].
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Figure 2.16: Short and long term ageing studies on EPON 828-solvent capsule systems
(15 wt% loading) with 24 h healing time and short-groove TDCB specimens [115].
. the solvent healing system works for specimens subject to fatigue loading, since the
stresses at the crack tip can be reduced due to the solvent diffusion. Indeed, in
an under-cured epoxy matrix loaded with solvent microcapsules, a crack arrest is
achieved after a lower number of cycles if compared with the plain matrix (Fig-
ure 2.17) [12]. However, for cracks propagated under static loading, healing efficien-
cies only up to approximately 30% were achieved using long-groove TDCB samples.
These values could increase to 90-100% when using short-groove TDCB specimens
or when placing Shape Memory Alloy (SMA) wires perpendicular to the crack plane
in order to enable crack closure [9].
. for fully cured epoxy, the solvent system neither repairs statically fractured crack
planes (due to low solvent diffusion rate and low residual functionality concen-
tration), nor enables crack arrest during fatigue testing (due to inhibited solvent
diffusion) (Figure 2.18) [12]. The evolution of the conversion for the initial under-
cured system must thus be avoided since it can lead to complete loss of the healing
properties.
2.3 The assessment of the healing efficiency
2.3.1 What does healing efficiency mean?
All the results in the field of self-healing materials are consistent if an evaluation of the
healing efficiency they are able to achieve is provided. This parameter enables the compar-
ison of results in a quantitative way and the deduction of the quality of the performance
that a certain healing system is able to show. The assessment of the healing efficiency is
always carried out through the following steps:
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Compliance/crack conversion
da
dN vs. ΔK I
(b)
(a)
Fig. 2 Calibration data for the Epon828/DETA polymer. (a) Paris’
law fitting at different stress intensities with error bars based on 3 to
4 measurements. All samples were tested at least 2 weeks after pro-
cessing. (b) Conversion of compliance into optically measured crack
length on pure epoxy samples
microcapsule loaded TDCB samples. For comparison, we
also plot the results for the control samples with embedded
hexyl acetate microcapsules. In case of EPA solvent and for
low loading conditions (K = 0.3 and 0.41 MPam1/2), no
crack progression took place while for higher load condi-
tions (above K = 0.48 MPam1/2), the crack progressed
for about 5 mm after 200 000 cycles (±11 h), before reach-
ing a rather constant value. For K = 0.56 MPam1/2,
crack progression was fast and followed the same trend as
for plain epoxy samples. This observation is in agreement
with the findings of Caruso et al. [31]. At the same time,
control samples with hexyl acetate filled microcapsules
showed crack progression at much lower stress intensities.
Fig. 3 Comparison between plain and microcapsule loaded TDCB
samples without SMA wires fatigued at a constant K =
0.47 MPam1/2. A crack in the plain sample progresses rapidly while
in the DCPD/Grubbs sample crack progression is slower. In the EPA
solvent microcapsule loaded TDCB sample, crack arrest occurred after
7200 cycles
K = 0.41 MPam1/2 already led to failure after about
100 000 cycles.
As the samples were tested continuously with no rest
time to heal, crack arrest cannot be due to mending of
cracked surfaces as is the case in quasi-static tensile test-
ing where the samples are completely broken, put together
and left 24 h at room temperature in order to allow the for-
mation of new crosslinked polymeric material. But neither
is it caused by solid wedge formation under cyclic loading
as reported for the DCPD/Grubbs healing system as sol-
vent healing is based on the reaction of residual monomer
rather than forming a new adhesive phase. The only active
Fig. 4 TDCB samples loaded with 15 wt% EPA or hexyl acetate
(control) microcapsules without SMA wires tested at different stress
intensities. At stress intensity levels of K = 0.41 and 0.48 MPam1/2,
failure occurred in the hexyl acetate control samples while EPA sam-
ples only failed at stress intensities well above K = 0.48 MPam1/2
Figure 2.17: Crack evolution for plain epoxy and epoxy loaded with DCPD/Grubbs’ and
EPA capsules [12].
1. choice of a material property, thus a suitable method of testing in order to obtain
the value of this property;
2. testing of the virgin material and extraction of the value of the property in the
virgin state (P virgin); thus, a c tain damage is induced in the material, resulting in
a loss of the chosen property;
3. concurrently on the same or different sample(s):
. testing of the damaged material and extraction of the value of the property in the
damaged state (P damaged);
. healing step of the material, in specific conditions of temperature, time, etc. and
testing of the healed material with extraction of the value of the property in the
healed state (P healed).
If we define Loss the amount of the property lost between the virgin and the damaged
state (no healing occurred) and Recovery the amount of the property recovered in the
healed state (compared to the damaged state), we can define the healing efficiency η with
Equation 2.1
η = Recovery
Loss
= P
healed − P damaged
P virgin − P damaged · 100 (2.1)
Figure 2.19 helps to understand the concept of efficiency.
The approach that leads to Equation 2.1 takes into account that the property in
the damaged state could not be entirely lost, so P damaged might be not zero . Healing
fficiencies calculated on samples that are catastrophically failed, i.e. with P damaged = 0,
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8.2. RESULTS 121
of cycles only occurred for 0.56 MPam1/2, whereas at 0.48 MPam1/2, the PC1 epoxy sample
resisted fracture, it can be concluded that the higher curing temperature not only inhibits
static healing, but also inhibits the crack arrest phenomenon observed for PC1 epoxy.
0 0.5 1 1.5 2 2.5 3
x 105
0
5
10
15
20
25
30
35
40
45
Cycles
R
el
at
iv
e 
cr
ac
k 
le
ng
th
 (m
m)
 
 
∆K =0.35
∆K =0.41
∆K =0.48
∆K =0.50
Figure 8.10: Fatigue response of TDCB samples subjected to different stress intensities. Crack
progression was higher as compared to under-cured epoxy for the same applied loads.
This finding suggests that the higher degree of cure of the epoxy also completely inhibits
the diffusion of the solvent into the matrix. Therefore weight uptake of PC3 epoxy samples of
9.7 mm diameter and a height of 4.9 mm (ca. 0.42 g) immersed in EPA solvent was measured,
as previously done. The results are averaged over at least 3 samples. While, for PC3 epoxy,
a decrease of diffusion kinetics could be expected, a complete lack of solvent uptake was
observed (Fig. 8.11). Quantitatively, after 20 days, the PC1 epoxy had absorbed 4.50% while
the PC3 e oxy increased in mass by 0.02%.
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Figure 8.11: Mass increase of under-cured (PC1) and almost fully cured (PC3) epoxy im-
mersed in EPA solvent.
Figure 2.18: Mass increase of under-cured (PC1, curing of 24 h at 25°C and post-curing
of 24 h at 35°C) and almost fully cured (PC3, curing of 24 h at 25°C and post-curing of
6 h at 45°C and 45 min at 75°C) epoxy cylinders immersed in EPA solvent [12].
are probably more rigorous, since the control on the virgin failure and the subsequent
healing event can be along a single fracture path. On the other side, causing only partial
damage may be a more realistic way to simulate failure conditions such as microcracking
and delaminations (that is what the self-healing concept was originally thought for).
Such a definition results to be more precise in comparison with the first one given by
Woll & O’Connor in 1981 [116]: a specific property was considered (fracture toughness in
mode I KIc) and P damaged = 0:
η = K
healed
Ic
KvirginIc
· 100 (2.2)
First results of White et al. [3] were based on this last definition, adopting PC as
critical load at fracture in quasi-static fracture tests and again P damaged = 0:
η = P
healed
C
P virginC
· 100 (2.3)
This was allowed since (i) in quasi-static fracture the fracture resistance in damaged
state is zero and (ii) the fracture toughness KIc depends only on the applied load and is
independent of the crack length, which is true for specimens where compliance changes
linearly with crack length during testing (KIc = αPC where α is function of geometry and
material properties).
Moreover, the virgin property could refer to the neat material or to the material
which contains the healing system. These two values can be different, meaning that the
healing additives may increase or decrease the virgin properties. For instance, Brown
et al. [117] showed that microcapsules increase virgin fracture toughness because they
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constitute a crack deflection system (depending on their morphology), whereas they de-
crease the stiffness and the ultimate strength. This clarification is crucial especially when
comparing healing efficiencies at different contents of healing additives (and, even more,
when comparing beneficial with detrimental additives). By using this approach, a useful
extra information, that is the increase or reduction of the virgin property in the presence
of the healing system, could be calculated [112]. Nevertheless, while evaluating healing
efficiencies, it should be noted that both increasing the healed material property and de-
creasing the virgin properties in the presence of the healing system may lead to increase
η: obviously, the latter is not a promising option.
Another crucial aspect is the existence of multiple healing efficiency values. This
could happen when the measured property, both in the virgin and in the healed state,
may vary due to simple property anisotropy in the virgin state, uneven coverage of fracture
plane with the healing agent or contaminations of the fracture plane. In these cases, an
average healing efficiency and a maximum healing efficiency should be defined [2], as in
Equation 2.4 and Equation 2.5, respectively
ηavg =
Average[P healed]
Average[P virgin] · 100 (2.4)
ηmax =
Max[P healed]
Average[P virgin] · 100 (2.5)
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Figure 2.19: Schematic representation of the concept of self-healing referred to a specific
material property.
Many factors influence healing efficiency, as identified by Wool & O’Connor [116]:
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. time: at constant temperature, in general, increasing the healing time increases
the efficiency; an empirical formula, without any microscopic physical foundation,
based on a kinetic theory of healing, exists.
. temperature: at constant time, given two healing temperatures T1 and T2, and the
glass transition temperature of the healing phase Tg, the temperature dependence
on η is given by Equation 2.6
η(T1)
 > η(T2) T1 > T2 > Tg= η(T2) T2 < T1 < Tg (2.6)
It is worth noting that the healing temperature, which takes into account the curing
temperature of the healing agent, must not be higher than the glass transition of
the matrix, in the case of amorphous thermosets.
. healing lay-out: until an optimal autonomous self-healing system will be devel-
oped, external or internal interventions can increase the healing performance. For
instance, some examples are the use of external clamps to manually decrease the
crack volume and bridge the crack faces closer together (e.g. [1, 2]) or the use of
shape memory alloys (SMA) wires (e.g. [9, 12]).
. capsules distribution and size: in the case of microcapsules, the efficiency
depends on how many capsules are broken by the crack and, consequently, on how
much healing agent could be delivered. Dispersion and distribution of microcapsules
(together with their size) play a critical role. In order to simulate an ideal healing
at a laboratory scale, some authors placed a given amount of microcapsules just in
the zone where crack was expected to propagate.
. stiffness ratio and fracture toughness ratio: in addition, one of the most
important key issues of the microencapsulation approach is the requirement that
cracks passes through capsules. The crack propagation route depends on the stiffness
ratio between an inclusion on the path (a capsule in this case) and the matrix. In
order to make sure the crack does not deviate away from the capsule, but encounters
it instead, the capsule modulus must be lower than the matrix modulus, otherwise
the crack would tend to round the capsule [3]. Some simulation experiments showed
that also the fracture toughness difference between matrix and capsule should be
less than 0.11 MPa m1/2 , otherwise the crack would not be attracted from the
capsule [118].
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2.3.2 Healing efficiency evaluation methods
As mentioned, the evaluation of healing requires the choice of a damaging mode. Many
different damage methods have been applied, since a unifying standard is lacking. The
extent of damage that these methods provoke ranges from microcracking and thin delam-
ination to catastrophic failure of specimens.
A brief overview of different damage procedures, and consequently healing assessment
methods, follows [37]. Various evaluation methods can be grouped in five main categories:
quasi-static, fatigue, impact, indentation and barrier tests. Every damage method enables
to extract a specific mechanical property, based on which the evaluation of healing is done.
Quasi-static fracture Quasi-static tests are the most common ones and they generally
cause small damage volumes, with small crack separation. Healing efficiency is calculated
with Equation 2.1, in which P damaged is zero since the fracture resistance in the damaged
state is zero. The mechanical property which is usually extracted from these types of
tests is the fracture toughness, but sometimes it is replaced by the peak fracture load.
For tearing mode tests, the property is the tear strength, for bending the flexural strength.
Quasi-static tests can be divided in:
. Mode I (tensile fracture): the most common specimen (for polymers rather
than composites) is the TDCB, first introduced by Mostovoy et al. [119] and exten-
sively adopted in the self-healing literature (firstly by White et al.), since it allows
the crack to grow along the centerline in a controlled way and the compliance (and
consequently the fracture toughness) to be length-independent and to depend only
on the applied load, avoiding to measure the crack length in situ. The specimens are
usually pre-notched with a razor blade. From the measured force vs. crack opening
displacement (COD) plot one extracts the peak load PC and then calculates KIC
with Equation 2.7 (or others existing), both in the virgin and in the healed specimen
KIC = 2PC
√
m
β
(2.7)
where β is a geometrical factor depending on sample geometry, m = Eb8
dC
da
, E is
the Young’s modulus, b is the specimen width, a is the crack length and C is the
compliance (which is constant over different a values). Healing efficiencies obtained
over the last years were between 75 and 93% [3, 97, 102, 117]. Other sample ge-
ometries are the double-cantilever beam (DCB), width-tapered double cantilever
beam (WTDCB), compact tension (CT) (which cause a larger crack separation
and it is therefore modified with a crack arrest hole to prevent complete failure),
single-edge notched beam (SENB), 3-point bend, 4-point bend (preferred to 3-point
bend because it does not cause an indentation effect) and double cleavage drilled
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compression (DCDC). Figure 2.20 summarises the different specimen geometries.
Figure 2.20: Different specimen geometries for thermo-mechanical tests: a) TDCB, b)
WTDCB, c) CT, d) DCB, e) DCDC [3].
. Mode II (shear fracture): not being used as widely as Mode I, this damaging
mode makes the crack propagate in shear mode and the fracture toughness KIIC
can also be calculated. No traces are found in literature related to self-healing
assessment.
. Mode III (tearing fracture): this mode makes use of the trouser test speci-
men; some work has been done by Keller et al. with capsule-based PDMS-Pt catalyst
healing system [72].
. Cutting: this is a qualitative method to evaluate the healing efficiency, since it is
based on cutting the sample with a blade and optically evaluating the crack closure
after the healing event. It is however useful for ductile samples.
Fatigue Cyclic tests are very important because they simulate common and frequent
failure modes in structural materials. In this case, the reference property is the fatigue life
(in term of number of cycles) and the fatigue life extension λ (Equation 2.8) as a measure
of healing efficiency
λ = N
healed −N control
N control
(2.8)
where Nhealedand N control are the total number of cycles to failure for the healed sample
and for the sample without healing, respectively. As yet, fatigue experiments have been
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performed by Brown et al. [120] and later by Jones et al. [121], showing different results
depending on the applied stress intensity factor ∆KI . Neuser et al. [12], also, used fatigue
testing for observing the crack arrest related to the diffusion of the solvent capsule core.
A certain amount of life extension was obtained thanks to toughening mechanisms acted
by microcapsules, crack tip shielding and crack closure due to the polymerisation of the
healing agent. The latter was observed only if some rest periods during the experiment
were inserted, to allow the healing to happen. Jones et al. obtained encouraging results
thanks to the wax encapsulation of the catalyst and to the consequent higher polymeri-
sation rate of the healing agent. More recently, Ye et al. [122] also used fatigue testing to
assess the time of the healing phenomenon.
Impact Some tests on composite panels subject the material to low-velocity impacts.
The reference property, in this case, was the residual (i.e. after impact) compressive
strength, being evaluated with and without healing time after impact. These tests are
referred as compression-after-impact (CAI) tests and the procedures are explained with
two ASTM standards [123, 124]. Patel et al. [125] used this damaging test for fibre-
reinforced microcapsule-based self-healing composites. The main issues concerning this
type of test consist in (i) the perfect alignment conditions required for the compressive
test, that mean the need of very accurate grinding of the sample edges and compression
frame alignment procedures, (ii) the need of thick samples (e.g. 5 mm) so the adaptation
of the liquid manufacturing techniques [120].
Others Indentations tests are useful to reproduce impact tests but with a lower amount
of damage. Up to date, all these experiments have been done on composites with a
microvascular self-healing system, rather than capsule-based [42–46].
Moreover, barrier properties are usually deteriorated if a crack passes through the
thickness of a material, which can enable the diffusion of some fluid avoiding a correct
seal. The idea to extend self-healing properties to materials used for barrier purposes
(some examples in [126–128]) has come concurrently with the results of Moll et al. [129],
who tested healing performances of a 4 mm-thick epoxy composite loaded with capsule-
based self-healing system.
Other properties that can be recovered are the corrosion resistance (critical in coatings
for the protection of metallic components that operate in aqueous and saline environments,
for instance) and electrical conductivity (in solders). Corrosion resistant polymeric or
organic coatings able to self-heal harnessing either capsule-based or intrinsic systems have
been recently developed [79, 130, 131] and first microcapsule systems for the restoration
of conductivity in mechanically damaged electronic devices, in which the repairing agent
is not conductive until its release, have been also investigated [132].
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2.4 Integration of self-healing systems in FRPs
Self-healing approaches have been applied to FRPs starting from the last decade, both for
polymers reinforced with glass and carbon fibres; however, both cases were only scarcely
investigated despite the great potential they could offer. Incorporating in FRPs an added
functionality such as self-healing is very promising and it could be a great benefit for these
materials, since they often manifest types of damage difficult to visually detect and that
can grow further, as matrix intra-ply microcracking or inter-ply delaminations.
2.4.1 Integration of capsule-based extrinsic healing systems
The concept of introducing an encapsulated self-repair functionality into composite ma-
terials was born about 15 years ago, when Kessler et al. presented a first structural fibre
self-healing composite [1, 2], taking the cue from the previously developed self-healing
thermoset polymers [3] and from initial concepts of Dry et al. [4], which used hollow
repair fibres.
Kessler et al. manufactured self-healing composites by hand lay-up and compression
molding, the matrix was a toughened epoxy resin cured with a secondary or tertiary amine,
the woven reinforcement was satin or plain E-glass, or plain carbon; the healing system
belonged to the extrinsic capsule-based category of systems [37] and exploited the reaction
between the core of microcapsules (DCPD) and a second generation Grubbs’ catalyst, both
dispersed within the matrix of the central layers. The DCB test was initially used to assess
the healing efficiency, taking into account the initiation and propagation strain energy
release rate, while the WTDCB test was used later on considering the average critical
load to propagate the crack. For self-activated samples (embedded catalyst and injected
healing agent), healing efficiencies did not exceed 20% in the first article; the authors
attributed the reason to (i) the presence of catalyst clusters, that lowered the fracture
toughness and contributed to unstable crack propagation; (ii) an incomplete coverage of
the fracture plane with the injected healing agent, due to the slow polymerisation rate and
the subsequent diffusion of the monomer into the matrix; (iii) the interfacial debonding as
dominant failure mode. For a fully integrated system (both catalyst and healing capsules
embedded in the matrix), the second article presented healing efficiencies up to 45%
(room temperature healing) and to 80% (80°C healing), thanks to a higher capsule loading
although to the detriment of a 21% lower virgin toughness of the capsule/catalyst-loaded
thick layer.
The healing of other failure modes was explored later by Sanada et al. [133–135],
to repair the interfacial debonding of unidirectional carbon/epoxy composites occurring
during tensile tests using the same DCPD/Grubbs’ catalyst system and by Yin et al. [136],
who employed a new healing system (30 wt% embedded epoxy capsules and 2 wt% latent
hardener) and used CAI tests.
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Furthermore, Patel et al. [125] investigated the healing of low-velocity impacts-induced
delaminations through CAI tests. The manufacturing route and healing system were the
same as Kessler et al. Very thick glass reinforcements were used and a bimodal size
distribution of capsules was employed. Results indicated that healed specimens exhibited
a decreased crack length and a partial recovery of residual compressive strength.
Concerning the solvent-based healing system proposed by Caruso et al. [6, 7] and
further investigated by Blaiszik et al. [8] and Neuser et al. [9, 10, 12], it has not been
investigated yet for FRPs.
2.4.2 Key points of self-healing for FRPs
Transitioning from neat self-healing resins to fibre-reinforced composites implies some
complications, that are summarised below.
Rheological properties of the matrix The viscosity of the resin becomes fundamen-
tal for FRPs since they are usually manufactured by liquid transfer molding techniques,
where the resin flow and the fibres impregnation are key points. The option of adding a
viscosity modifier exist in order to have a better impregnation, however with the possible
implication of increasing the matrix fracture toughness, thus the crack growth stability.
Nevertheless, the introduction of the healing agent might also lead to a viscosity increase.
Introduction and survival of the healing agent Introduction and survival of the
healing system is one of the major issues in the manufacturing of such composites. Con-
cerning microcapsule-based extrinsic healing systems, two techniques for incorporating
the healing agent have been proposed so far. Kessler et al. [1, 2] and Patel et al. [125]
simply mixed capsules with the epoxy resin prior to hand lay-up; this solution leads to
two side issues, typically the increase of the matrix viscosity, with consequent risk of
poor impregnation, and the possible retention of capsules through the fabrics. Sanada et
al. [134] slightly modified this methodology performing a dip-coating of the reinforcement
(carbon fibre strands) in a strongly capsule-loaded resin, followed by partial curing and
further impregnation with the same resin. A second strategy consisted instead in func-
tionalising the fibre reinforcement rather than the matrix. Blaiszik et al. [137], although
dealing with single glass fibres, used a dip-coating technique in order to couple catalyst
particles first and then 1.5 μm diameter healing capsules; the dipping medium was in this
case a liquid destined to evaporate. This procedure is undoubtedly elegant but might
become significantly time-consuming. Jones et al. [11] also functionalised single fibres
by dipping them in an aqueous solution of capsules, with the aim of further embedding
them in epoxy droplets and testing the healing mechanism of the epoxy-fibre interface
through a microbond test. An alternative method of fabric functionalisation consists in
the manual dispersion of capsules by hand sieving, which ensures an acceptable degree of
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capsule dispersion and distribution, although is not indicated for non-flat shapes. In lit-
erature, such a technique can be found for the functionalisation of preforms with binders
or tackifiers [138], and it lends itself to scale-up using the same automatised methods as
for binder deposition on fabrics directly following the weaving process.
Healing agent dimensions and dispersion Care should be taken when selecting
the size of the healing agent. In the case of capsule-based healing systems, large capsules
might disrupt the yarns network and create resin-rich areas, thus weakening the composite.
Nevertheless, they might lead to increase the the composite ply thickness thus decreasing
the virgin interlaminar fracture toughness. Moreover, the presence of capsules, depending
on their size, could affect the compressibility of the preform and, not least, change its
permeability. On the other hand, the use of too small diameter capsules would mean
smaller amount of healing agent available, thus possibly delivered.
In the case of catalyts, smaller sizes are preferred since they can infiltrate narrow
interlaminar regions; however, the efficiency of the catalyst protection by wax, necessary
to avoid catalyst deactivation and clustering, decreases with size, since the ratio surface
area/volume concurrently increases.
New processing routes Producing self-healing FRPs rather than self-healing neat
polymers implies the choice and the adaptation of new processing routes. Hand lay-
up, resin transfer molding (RTM), VARIM and compression molding constitute available
options. Their adaptation in terms of processing/cure/post-cure temperatures, pressure
or vacuum level, etc., is necessary in the presence of the healing agent. An important
key point is also the achievement of specific fibre volume fraction in the presence of the
healing agent.
New assessment methods New assessment methods, for example new specimen ge-
ometries, may be more adapted for testing the healing efficiency of self-healing FRPs. As
mentioned, the DCB test was first used by Kessler et al. (and then by Yin et al. [136])
by using the initiation and propagation strain energy release rate as assessment prop-
erty, while the WTDCB test was used later on considering the average critical load to
propagate the crack [1, 2].
Alternatively, Patel et al. [125] investigated low-velocity (up to 45 J) impact damages,
since composites are relatively vulnerable of damage from out-of-plane impact events,
which lead not only, eventually, to fibre breakage, but especially to matrix delamination
and transverse cracks, subsurface or more widespread located. They measured the ef-
ficiency with the already mentioned CAI testing protocol with a large curvature of the
impact head and a precise range of impact energies (in order to avoid relevant fibres rup-
ture). The efficiency was expressed in term of recovery of residual compressive strength
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(RCS): this property has been found sensitive to impact damages, since a great reduc-
tion in compression is observed after the impact event, due to laminae buckling in the
delaminated areas [139].
Moreover, an example of testing the healing efficiency through pure Charpy impact as
assessment method can be found in the publication by Hayes et al. [58].
Tensile tests were used by Sanada et al. [133–135], to check the repair of interfacial
debonding of unidirectional carbon/epoxy composites.
2.5 Summary
This chapter gave an overview of the literature review on the main points of interest of
the present work. First, common forms of damage for FRPs were explored, in order to
understand a suitable strategy to heal them. Interlaminar, intralaminar and translaminar
cracks, as well as barely visible impact damage, most commonly occur in composites, due
to different loading types, namely tension, compression and impact. Furthermore, a lit-
erature study about extrinsic healing approaches was presented; the pioneering approach
based on DCPD capsules and Grubbs’ catalyst was described and taken as reference for
reviewing all alternative systems. A deeper investigation on the solvent capsule-based
system was carried out, since it is the approach of interest. This system represents an
evolution from the pioneering approach, being also extrinsic, irreversible, capsule-based,
pseudo-autonomous, but one-component. Also, it is unique system -among the extrinsic
category- since the healed material does not differ from the virgin one.
Finally, a general review about the assessment of the healing efficiency, in terms of
formula used and evaluation methods (mechanical tests) performed, was presented. Not
least, a final description about how self-healing concepts apply to fibre-reinforced rather
than neat polymers, was given.
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Materials and methods
3.1 Epoxy resin
Two epoxy resins were used for this work:
. EPON 862 (Momentive), a diglycidyl ether bisphenol F (DGEBF) resin, cured with
diethylentriamine (DETA, Sigma Aldrich) in a 100:12 weight ratio for 24 h at room
temperature and post-cured for 24 h at 35°C (if not otherwise defined);
. EPON 828EL (Momentive), a diglycidyl ether bisphenol A (DGEBA) resin, also
cured with diethylentriamine (DETA, Sigma Aldrich) in a 100:12 weight ratio for
24 h at room temperature and post-cured for 24 h at 35°C (if not otherwise defined).
Epoxy resins rather than other thermoset materials were chosen for the present thesis for
the main reason of comparing the results with the work previously carried out related
to the study of healing in the neat epoxy (specifically EPON 828EL) [14]. Also, epoxy
resins give quite brittle thermoset polymers which are suitable for studying healing and
are commonly used for processing techniques such as liquid composite molding. EPON
862, thanks to a slightly different chemical structure compared to EPON 828EL (differing
by two methyl groups), presents a 4 times lower viscosity, thus is more versatile for fab-
ric impregnation. DETA was chosen as hardener since it allows low-temperature curing.
Note that the resin/hardener ratio used herein corresponds to the stoichiometric ratio [6].
No additional hardener was introduced as compared to the stoichiometric ratio, thus the
healing mechanism was based on the presence of unreacted functionalities obtained by
under-curing the matrix. This represents a known intrinsic drawback for the selected
healing system, since the under-cured system can evolve over time thus the healing ef-
ficiency can be lost. Nonetheless this system represents a good model system for the
develop of a self-healing composite, provided that the samples are stored for limited time
and at low temperature and controlled humidity.
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3.2 Fibre reinforcement
The fibre reinforcement was a standard woven twill 2 × 2 E-glass purchased by Suter
Kunststoffe AG (Figure 3.1). The nominal construction of the fabric corresponded to 6
end/cm for warp fibres and 6.7 pick/cm for weft fibres. As indicated by the manufacturer,
both warp and weft fibre diameters were 9 μm, yarn thickness 0.45 mm (in unloaded
conditions), warp and weft tex 68 × 5 and 272 respectively [140]. The fabrics presented a
nominal areal weight of 390 g/m2, with a fluctuation which was measured on 100 × 100
mm samples to be ± 2.7% over the nominal value (Figure 3.2). If not otherwise defined,
a stacking sequence of 16 layers of fabric with [(+45/-45)/(0/90)]4s was used. A fibre
volume fraction V f of 50 vol% was targeted.
The choice of a woven fabric rather than unidirectional has been related to the aim
of having a surface ply morphology that could provide interbundle spaces where the
healing capsules could fit being more protected and safe compared than laying onto the
reinforcement tows. Moreover, investigating the use of carbon reinforcements rather than
glass ones was out of the scopes of the present work, although we believe similar results
could be obtained.
Figure 3.1: Picture of the selected glass fabric reinforcement.
3.3 Capsule production
The preparation of microcapsules was carried out using an oil-in water emulsion technique,
following the protocol established by Blaiszik et al. [8]. First, 100 ml distilled water and
25 ml of a 2.5% wt/v ethylene maleic copolymer solution (2.5%, Sigma Aldrich) were
poured in a 600 ml beaker. Then 2.5 g urea (Acros Organics), 0.25 g ammonium chloride
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Figure 3.2: Fluctuation of the fabric nominal areal weight.
(Fluka) and 0.25 g resorcinol (Sigma Aldrich) were added in that order. When required,
capsules were dyed in order to make them more visible when functionalising the glass
fabrics; in those cases, a few mg of red dye (Oil Red O, Sigma Aldrich) was added to the
formulation. The pH was tuned to 3.5 using sodium hydroxide (20%, Acros) and stirring
at 400 rpm was started, with an expected mean capsule diameter of approximately 150 μm,
as shown by Blaiszik et al. At this point, 60 ml of the core material were added and left
for 10 min in order to have a stable agitated emulsion before adding 6.33 g formaldehyde
(37%, Sigma Aldrich) and covering the beaker with aluminum foil. At this point, heating
was started (55°C at 1°C/min). After 4 h, the capsules were left to cool down to room
temperature for at least 24 h and washed with approximately 500 ml of distilled water
while filtering under vacuum using a coarse fritted glass filter with a porosity grade 2 (P2,
40-100 μm). The capsules were then allowed to dry for 48 h under a chemical hood before
they were stored at room temperature. For all batches, size fractions of <90, 90-125,
125-180, 180-250 and 250-355 μm were separated by manual sieving and retained for use.
Different types of capsules were produced, differing in the combination of their shell
and core. Two types of capsule core were prepared, with two different solvents, which
differ in their polarity, thus their ability to diffuse into the composite matrix and initiate
the healing process:
. solution of 2.5 vol% of EPON 828EL (Momentive) in ethyl phenylacetate (EPA,
99% Acros Organics), for healing capsules;
. hexylacetate (HA), for control capsules.
Two types of shell were produced, in order to investigate how the capsule mechanical
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properties can change:
. urea-formaldehyde for pure-UF (or mono-wall) capsules, following the procedure
indicated above;
. urea-formaldehyde/polyurethane for PU-reinforced (or double-wall or PU/UF) cap-
sules; for this type of capsule, different concentrations (2.5, 5 and 7.5 g) of a PU
precursor solution was previously added to the core formulation. Such a solution
is called Desmodur L75 (Bayer) and is a prepolymer solution in ethyl acetate with
an equivalent weight of 315 g and an isocyanate content of 13.3 ± 0.4 wt%. Be-
fore use, the contact between the solution and moisture must be strictly avoided.
Caruso et al. reported a successful encapsulation of EPA/EPON 828 with different
amounts of dissolved Desmodur L75 for obtaining a double-shell PU/UF. It was
found that the addition of the PU prepolymer solution leads to an encapsulation
via combined in situ poly(UF) microencapsulation with an interfacial polyurethane
microencapsulation and does not affect the mean size/stirring rate dependence [83].
3.4 Capsule characterisation
3.4.1 Thermogravimetric analysis (TGA)
The thermal stability of microcapsules was tested using TGA on a Mettler Toledo SDTA
851e, available at the Powder Technology Laboratory (LTP) at EPFL. In general, the
samples were kept at ambient conditions for several days before testing and 10-15 mg
were transferred to alumina crucibles which were then subject to a temperature ramp at
10°C/min from 30°C to 400°C or 600°C, under nitrogen. The relative mass loss was then
computed to investigate the critical temperatures of the microcapsules, relative to the
boiling temperatures of their core.
3.4.2 Optical microscopy (OM) and scanning electron microscopy
(SEM)
An optical microscope (Olympus BH-2) was used to acquire images of the capsules. For
better imaging, capsules were dispersed in mineral oil. The capsule diameters were mea-
sured on optical images (50 measurements per image) and the average number length
diameter was calculated for a specific size fraction. The same microscope was also used
to investigate the aspect of the slices for atomic force microscopy (AFM) measurements
(§ 3.4.4).
Furthermore, SEM analysis was used in order to characterise the diameter-dependent
shell thickness of microcapsules. The tests were carried out on the XLF-30 FEG, FEI
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available at the Interdisciplinary Center for Electron Microscopy (CIME) at EPFL. For
each type of capsules, five different size fractions (<90, 90-125, 125-180, 180-250 and
250-355 μm) were analysed. Prior to imaging, capsules were slit using a razor blade,
washed with acetone several times and dried with compressed air followed by 2 h storage
in vacuum. A layer of carbon coating of approximately 10 nm was then deposited onto
the samples. On the micrographies, a total of 35 thickness measurements were taken on 5
different capsules within each diameter fraction and averaged. Particular care was taken
to acquire images of the shell sections at a perpendicular angle in order to limit the error
due to an oblique observation angle. SEM was also used for imaging the slices for AFM
measurements (§ 3.4.4).
3.4.3 X-ray micro-computed tomography
X-ray micro-computed tomography was used for an effective imaging of the fabric cross-
sections, with the specific aim of investigating the fabric interstice dimensions. Such an
analysis was particularly useful for the measurements of the interstice dimension along
the z-coordinate, since OM is not able to provide such an information. The tests on one
layer of the selected fabric (approximately 1 × 3 cm) were performed at Laboratory of
Biomechanical Orthopedics (LBO, EPFL) using the SkyScan1076. The analysis parame-
ters were set as follows: source voltage 80 kV, source current 120 mA, filter Al 0.5 mm,
resolution 9 mm, exposure 1600 ms, rotation step 0.560 deg. The images were recon-
structed with the software NRecon and then converted to binary images using ImageJ
with the thresholding algorithm “Minimum” [141] (this enabled to set a threshold for
transforming images into a binary format).
3.4.4 Atomic force microscopy (AFM)
Atomic force microscopy (Multimode Nanoscope, Veeco), available at the Polymers Lab-
oratory (LP) of EPFL, was used in tapping mode in order to acquire images of the shell
morphology. Through phase contrast imaging, the capsule shell compositions were inves-
tigated for pure-UF and PU/UF capsules. Samples were prepared by mixing 5 wt% of
healing pure-UF and PU/UF capsules in a resin/hardener mixture composed of EPON
862 and diethylenetriamine in a 100:12 weight ratio; the compound was then degassed for
10 min and poured into a silicone mold for ultramicrotomy samples. Curing at room tem-
perature for 24 h and post-curing at 35°C for 24 h then followed. These samples were then
cut into 300 nm thin slices by using an ultramicrotome device (PowerTome X, Cordouan
Technologies), available at the Interdisciplinary Centre for Electron Microscopy (CIME)
of EPFL. The slices were collected in water and then put onto glass slides for drying and
further imaging. Slices consisted in sheets of matrix with holes corresponding to sectioned
embedded capsules, as depicted in Figure 3.3. Images of a folded slice acquired by SEM
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after sputter coating with carbon, as well as an optical image, are shown in Figure 3.4(left)
and (right), respectively. The shell could then be observed at the air/matrix interface.
shell	  
matrix	  
core	  
(empty)	  
SECT.	  
(ultramicrotomy)	  
Figure 3.3: Schematic showing the morphology of the 300 nm thick slices, used for further
AFM imaging.
Figure 3.4: SEM (left) and OM (right) of 300 nm thick slices, used for further AFM
imaging.
3.4.5 Single capsule compression
The study of the mechanical properties of UF and PU/UF capsule shells was accom-
plished using single capsule compression. For single capsule compression, a motor driven
indenter (1.5 μm/s displacement rate) compresses a single microcapsule with known diam-
eter, placed on the sample holder. Force-displacement data were acquired using a Futek
LMP200 load cell (0-100 mN). An analytical model was then used to extract the Young’s
modulus of the shell material by fitting the modeled response to the experimental data,
as detailed in [14] and briefly described as follows.
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The model used was based on the work by Feng et al. [142] and Lardner et al. [143],
concerning the compression of spherical not inflated membranes containing incompress-
ible fluids when compressed between two plates. Figure 3.5 shows a schematic of the
geometrical deformation of a capsules with the corresponding parameters.
η
ρ
Indenter
ri ρΓ(π/2)
Ψ=Γλ1
λ2
ηΓ
Non-contact region
Contact region
Figure 3.5: Schematic showing the single capsule compression geometry (based on [144]).
The solid and dashed lines indicate the initial and deformed capsule geometries, respec-
tively.
Using expressions for the stretch ratios λ1 and λ2 along the meridian and circum-
ferential directions respectively, Feng et al. derived two systems of ordinary differential
equations (ODE): one for the flat membrane area in contact with the plate and one for the
free (stretched) membrane not in contact with the plate. The initial radius is indicated
as ri and the contact angle as Γ. The deformed shell has a height ηΓ for a given Γ and
a circumference of ρΓ(pi/2). For membranes filled with incompressible fluids, the solu-
tion of ODEs needs to satisfy an additional constant volume boundary condition. Other
assumptions are: (i) isotropic, linear elastic and time-independent ODEs, (ii) negligible
membrane bending resistance, (iii) air surrounding the membrane, (iv) constant thickness
before deformation and (v) absence of friction between the rigid plates and the membrane.
The expression of the ODEs system for the contact and non-contact region are found in
Equation 3.1 to Equation 3.5, with further definitions in Equation 3.6 to Equation 3.11
and the boundary conditions in Equation 3.12 to Equation 3.17. All variables are func-
tion of the contact angle ψ, giving the position of the membrane. P , E, h0 and ν are
the pressure inside the membrane, the Young’s modulus, the membrane thickness and the
Poisson ratio, respectively. From the calculated stretch ratios λ1 and λ2, the Cartesian
coordinates of the deformed membrane % and η can be derived.
Contact region
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where
δ = λ2 sinψ (3.6)
f1 =
∂T1
∂λ1
(3.7)
f2 =
∂T1
∂λ2
(3.8)
f3 = T1 − T2 (3.9)
Ti =
1
λ1λ2
∂W
∂λi
λ2i (3.10)
W = Eh02 (1− ν2)
[
(λ1 − 1)2 + (λ2 − 1)2 + 2ν (λ1 − 1) (λ2 − 1)
]
(3.11)
with the following boundary conditions
ψ = 0 : λ1 = λ2 = λs (3.12)
ψ = Γ : λ1,non−contact = λ1,contact (3.13)
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ψ = Γ : δ = λ2,contact sin Γ (3.14)
ψ = Γ : ω = λ1,contact (3.15)
ψ = pi/2 : ω = 0 (3.16)
∆V = Vcompressed − Vinitial = 0 (3.17)
The two ODE systems were numerically solved with the Runge-Kutta method using
MATLAB. The algorithm is detailed in [14]. Figure 3.6 shows the computed shell ge-
ometry and the resulting force-displacement relation. The geometry of the compressed
capsules shows the flat contact surface which increases with contact angle as well as the
free non-contact region which widens to compensate the volume reduction at the poles.
The force vs. displacement plot shows the increasing force at the flat top, generated by the
increased area of contact and increasing pressure inside the membrane. In what follows,
these results of the standard model were used for fitting experimental data as obtained
with the single capsule compression experiments. Namely, the Young’s modulus was then
extracted and associated to a certain type of capsule.
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Figure 3.6: Deformed shape of the capsule for increasing contact angles (left) and com-
puted force vs. deformation of the capsule (right).
3.5 Capsule integration
Manual sieving was selected as technique to integrate the capsule within the compos-
ite prior to processing. In order to validate this technique as suitable for achieving a
satisfactory degree of capsule distribution, a simple visual test was performed with the
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following procedure. Determined amounts of healing capsules (corresponding to 10, 20
and 30 vol% over a fictitious matrix fraction) were manually dispersed (using a 250 μm
sieve by Cole Parmer) onto 50 × 50 mm fabric squares and a photo of the functionalised
fabric was taken. Obtained images were visually compared with a model image obtained
with Mathematica that simply visualises a random dispersion of circles -with diameters
corresponding to the capsule diameter range- on a 50 × 50 mm area. This was intended
to be a simple visual comparison to qualitatively quantify the degree of capsule distri-
bution, thus the effectiveness of the manual sieving as functionalisation technique. It is
underlined that the Mathematica simulation allows the capsule superposition and takes
into account a flat surface.
3.6 Samples for CAI tests
3.6.1 VARIM and sample preparation
Manufacturing of composite panels was performed by Vacuum-assisted resin infusion
molding. For this, the consumables as indicated hereinafter were used:
. peel ply: A100 PS (Cytec);
. flow mesh: PE <90°C (Suter-Kunststoffe AG);
. vacuum bag: VACFILM 400Y272, yellow, <150°C (Cytec);
. mould release agent: Xtend 832 Release (Axel);
. resin inlet and vent spirals: No. 77009.0912, PE 9 × 12 mmø;
. resin inlet and vent pipes: No. 77008.0810, PE 8 × 10 mmø (Suter-Kunststoffe
AG);
. flow mesh of resin inlet and vent spirals: No. 61040.0460, <125°C, 6/12 mmø
(Suter-Kunststoffe AG);
. sealant tape: BT100, brown, <100°C (Cytec).
For further thickness measurements and CAI testing, three types of composite plates
were processed by VARIM, containing no capsules (referred to as plain), healing capsules
(healing) and control capsules (control). Different overall capsule volume fractions were
used, namely 0, 1.25 and 6.5 vol%, corresponding to volume fractions of capsules in the
matrix of 0, 2.5 and 13 vol% respectively. Capsules were sieved onto all plies, the targeted
fibre volume fraction Vf was 50 vol% and the final plate thickness 5 mm. A stacking
sequence of [(+45/-45)/(0/90)]4s was used, according to the ASTM standards [123,124].
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A representation of the VARIM assembly used (cross section schematic and top view
photo) is reported in Figure 3.7. Note that the VARIM processing was performed with
0.09 MPa pressure difference ∆vac and using EPON 862 as infusing resin more suitable
for VARIM compared to EPON 828EL, thanks to the lower viscosity enabling processing
at ambient temperature. Unless otherwise defined, in all cases, inlet and vent valves
were closed as far as the infusion was concluded. After processing and curing, the plate
thickness was measured in 15 points and averaged. The same panels were used the to
obtain samples for CAI tests.
3.6.2 CAI test and healing assessment
The CAI test was used in order to assess the compression properties of the panels contain-
ing different capsule concentrations, namely Vc = 0, 1.25 and 6.5 vol%, and to evaluate
their healing efficiency. The specimens for these tests were cut from the infused panels
using a Maïco machine equipped with a diamond saw. Final dimensions were of 100 × 150
mm. According to the ASTM standards [123, 124], care was taken to to avoid notches,
undercuts, rough or uneven surfaces or delaminations due to inappropriate machining
methods. The final dimensions were obtained by water-lubricated precision sawing (Kugel
Muller, available at the Laboratory of Construction Materials of EPFL), which also en-
abled to make the sample edges flat and parallel, which is extremely important for the
compression test. Impact tests were performed following the procedure as indicated in the
standard indicated above. The impact energies were calculated considering the impactor
mass of 3 kg. In particular, samples were impacted with 5 J energy, known from previous
tests as enough to induce microcracking. The specimens were impacted once without any
rebound impact, in the center. All impacted healing samples were given 20 days to heal
before further compression tests. This resting period was at room temperatures and with-
out any additional pressure applied to the samples. The compression test was carried out
using a support fixture as indicated by the standard and the hydraulic machine (Walter
and Bai, max. load 330 kN) also available at the Laboratory of Construction Materials
of EPFL. The compression test was performed with a loading speed of 0.6 kN/s and the
compressive strength (load at failure) was recorded. Care was taken for the specimens
installation and alignment, since they significantly influence the results; specifically, any
lack of alignment can cause sample buckling (thus no pure compressive load). The pres-
ence of healing was estimated by simply comparing the residual compressive strength of
healing samples with that of plain and control samples.
3.6.3 Optical microscopy (OM)
Optical microscopy was used for evaluating the quality of the impregnation and the capsule
distribution. The images were taken with the optical microscope Olympus BX61 and
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processed, when needed, with a multiple image alignment software.
Figure 3.7: Representation of the VARIM lay-out cross-section (schematic) and top view
(photo).
3.7 Study of packing and permeability properties of
fibre stacks
3.7.1 Compaction test on dry fabrics
The packing properties of plain and capsule-functionalised fabrics were analysed. 100 ×
100 mm squares of fabric reinforcement were carefully cut and weighed; consequently, for
plain samples, they were simply stacked following the sequence as indicated herein-before,
whereas for functionalised samples, different amounts of capsules were manually sieved
(250 μm sieve by Cole Parmer) onto each layer while stacking. Overall capsule volume
fractions (Vc) of 1.25, 2.5 or 3.75 vol% were used, corresponding to volume fractions of
capsules in the matrix (V ∗c ) of 2.5, 5 and 7.5 vol% respectively. Samples were analysed
in a Universal Testing System (Walter & Bai AG, Switzerland), equipped with a 100
KN loading cell and an inductive displacement sensor (W20, HBM). A displacement
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controlled compression test was performed on the samples, between two metal plates, at
a constant speed of 2 μm/s, with a pressure cycle ranging from 0 to 1 bar. This pressure
range was here chosen since it corresponds to the effect of the pressure difference during
VARIM, which is a possible processing technique for further manufacturing. As soon as
the maximum pressure was reached, samples were unloaded at the same speed to achieve
a zero-stress position. Load-displacement data were recorded both while loading and
unloading. An illustration of the apparatus is given in Figure 3.8.
upper compression plate!
lower compression plate!
[(+45/-45),(0/90)]4s!
fabric stacking!
displacement!
ramp 0.002 mm/s!
Figure 3.8: Schematic and picture of the apparatus for the compaction of dry fabrics.
3.7.2 Longitudinal unsaturated permeability test
Longitudinal unsaturated permeability was studied for plain and capsule-functionalised
fabrics. As impregnating fluid, a commercial silicone oil (polydimethylsiloxane trimethyl-
siloxy terminated, ABCR), with a kinematic viscosity of 100 cSt as given by the man-
ufacturer, was used; the viscosity at different temperatures was measured with an AR
2000 ex (TA instruments) rheometer with a standard Smart SwapTM Peltier plate for
the temperature control in a range of -40-200°C. The test procedure consisted in a contin-
uous flow-mode temperature ramp at 0.5°C/min between 15°C and 25°C, at a constant
shear stress of 60 Pa. Tests were performed following recommended test procedures [145],
with the apparatus shown in Figure 3.9. As for compaction tests, 16 layers of fabric
reinforcement were carefully cut (without inducing any deformation in the fabric and by
cutting straight and smooth edges) in 60 × 260 mm rectangles, weighed and stacked. For
capsule-functionalised samples, different amounts of capsules were manually sieved, as for
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compaction tests. The samples were then placed onto the lower part of an 320 × 320 mm
steel mold; around the fabric a 6 mm thick silicone joint and a 5 mm thick steel frame
were placed, in order to create the sealed cavity for the impregnation. A 5 mm thick
steel frame was chosen in order to reach a fibre volume fraction Vf of 47 vol% with the
use of the selected fabric, thus simulating conditions of a further VARIM process. The
upper mold (steel and transparent tempered glass) was placed above and screwed at the
corners with four steel pillars and at two edges with two stop screws. A pressure of 2 bar
was applied to close the mold through the air bags lifting the mould on its sliding pillars,
at a temperature of 20°C. The pressurised pot (Hypajet, Plastech, UK) was connected
to the mould inlet with polyethylene tubes and a pressure/temperature sensor (Keller,
mod. S30X) was placed at the inlet of the mould to measure the injection pressure over
the time of the impregnation. The impregnating fluid was injected, after degassing, with
a targeted pressure close to 1 bar, which was recorded through the sensor acquisition.
A rule was drawn on the glass of the upper mold and a camera was installed above to
record the flow front position. Permeability was calculated using the Squared Flow Front
Approach [145]. Note that the longitudinal permeability in one fabric direction only was
here investigated, in order to focus more on the capsule influence and also because in the
VARIM processing one direction is predominant.
Figure 3.9: Longitudinal permeability set-up and mold components.
3.7.3 Transverse saturated permeability test
The impregnating fluid was in this case a solution of polyethylene glycol (PEG, Sigma
Aldrich, Mn = 35000 g/mol) in distilled water; this was chosen for reasons of easy han-
dling and non-toxicity, since no specific standards exist in literature for through-thickness
permeability tests indicating the fluid to be used. As for the silicone oil, the Newtonian
behavior of the solutions was checked. The viscosity of the solution was easily adjustable
by varying the PEG molar concentration and measured with a rheometer as indicated
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in § 3.7.2. As showed in Figure 3.10, the experimental setup, very similar to the one
used by Merhi et al. [146], consisted of a pressurised pot (Hypajet, Plastech, UK) for
degassing and injecting the fluid, which was connected to a transparent cylinder cavity
to host the fibre stack, held between two aluminum honeycomb; the cylinder was then
connected to a balance (Mettler Toledo PG8001) to measure the flow rate by the use of a
camera (Canon PowerShot SX 100 IS) and a chronometer. A sensor (Keller, mod. S30X)
was placed between the pressurised pot and the cylinder cavity in order to measure the
injection pressure and temperature. For the preparation of the experiments, 16 layers
of fabric reinforcement were carefully cut in circles of 50 mm diameters, weighed and
stacked with the orientations as explained above for the longitudinal permeability tests.
The samples were then placed in between the honeycombs with a distance h of 4.7 mm,
which correspond to fibre volume fraction Vf of 50 vol%, which was in the same range
as of longitudinal permeability samples; in between all the elements which constitute the
cylinder, circular rubber joints were placed in order to prevent lateral leakages on the
cylinder walls and let the flow to be guided across the fabrics only. The cylinder was
closed with lower and upper lids, compacting the fibre stack to fit into the 4.7 mm spaced
impregnation cavity. The pressure pot was connected to the pressure/temperature sensor
and further to the cylinder inlet with polyethylene tubes. Analogously to longitudinal
tests, the impregnating fluid was injected, after degassing and once the flow was stable,
with a pressure difference of 1 bar, which simulates full vacuum-VARIM conditions and
was recorded through the sensor acquisition. The measurement of the flow rate was per-
formed in order to calculate the saturated permeability. Assumptions for the calculation
were: (i) the outlet pressure is equal to the atmospheric pressure; (ii) the cylinder and
the tubes do not significantly influence the pressure drop; (iii) the fluid velocity in the
in-plane direction, thus the in-plane permeability, are negligible; (iv) the race tracking is
minimal. Assumptions (i) and (ii) were justified by measuring the outlet pressure and
by performing tests with no samples, respectively; assumptions (iii) and (iv) were only
visually verified during the experiments.
3.8 Samples for DCB and ENF tests
3.8.1 Vacuum compaction test of the preform
Prior to the production of FRP panels through VARIM for producing DCB and ENF
tests, an initial test was performed in order to assess the highest degree of vacuum which
could be applied during processing without rupturing the shell of the capsules embedded
in the composite. Indeed, according to results reported in § 4.4 and 6.1, the capsule
bursting force is low and capsule bursting can occur when capsules are present on each
ply and high compaction pressures are applied. However, the capsule configuration and
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Figure 3.10: Schematic of the transverse permeability set-up. Plain and a capsule-
functionalised samples are also shown.
the loading mode are different herein as capsules are sieved only onto the central ply of
the stack (rather than onto all) and the pressure is applied by vacuum (rather than with
a compression plate). Thus, it was not possible to rely on the results obtained in § 4.4
in order to assess the maximum degree of vacuum to prevent capsule breakage, and a
more adapted test was performed. 16 layers of fibre reinforcement were then cut in 100 ×
100 mm squares and stacked with the same sequence of [(+45/-45)/(0/90)]4s. Between
the two central plies, an amount of capsules corresponding to a surface density of 2.56
mg/cm2 was manually sieved by using a 250 μm mesh sieve (Cole Parmer). The specimen
was placed under a vacuum bag and subject to a gradual increase in vacuum of 0.1 bar
from 0 to 1 bar pressure difference. Optical images (Olympus BH-2) were taken after
each step of 0.1 bar to observe the amount of capsule damaged/broken as a function of
the applied pressure (∆Pvac). This test is based on the most critical step of the VARIM
process, during which the fabrics are subject to the vacuum before impregnation, which
translates into a mostly uniaxial compression on the capsules. As soon as the matrix
starts to impregnate the capsule-functionalised fabrics, capsules become subject to the
hydrostatic pressure of the surrounding fluid, representing a less critical condition.
3.8.2 Preliminary tests for resin selection
In order to quantify the swelling of neat EPON 862 compared to EPON 828EL in EPA
solvent, a swelling test was accomplished. Three small cylinders of 9.7 mm diameter and
4.9 mm height were cast using EPON 862 and DETA. Different curing and post-curing
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scenarios were studied. The samples were immersed into EPA solvent and their weight
uptake was recorded after 1, 3, 5 and 7 days using a high-resolution precision balance
(Mettler Toledo, AT261 DeltaRange, 0.01 mg reading, repeatability 0.015 mg). Prior to
recording the weight, excess solvent was removed from the sample surface using Kimtech
Precision Wipes (Kimberley Clark, ref. 7552). The procedure followed that used by
Neuser et al. [9], to which we refer for the swelling data of neat EPON 828EL samples,
for comparison.
This swelling test was of a great importance in order to select an epoxy system and
cure schedule suitable for solvent healing.
Together with swelling, the degree of polymerisation was also calculated for both
EPON 862 and EPON 828EL after being subjected to the same thermal treatment (curing
of 24 h at 25°C and post-curing of 24 h at 35°C). DSC analysis (TA Q100) was used in order
to quantify the degree of polymerisation after 24 h curing (referred to as “-1 day”), after
24 h post-curing (referred to as “0 day”), and after 1 and 5 days ageing in dry conditions
(22°C, 20% relative humidity). Samples originated from samples cast in a silicone mould
and cut in pieces of 5-10 mg. Sets of three samples underwent a temperature ramp from
-50 to 300°C at 10°C/min.
Moreover, rheological measurements were also carried out in this phase in order to
measure the viscosity values of EPON 828EL mixed with the viscosity modifier Heloxy
61 or heated at approximately 30°C. The measurements were carried out with an AR
2000 ex (TA instruments) rheometer with a standard Smart SwapTM Peltier plate for
the temperature control (temperature ramp at 0.5°C/min) or at constant temperature.
3.8.3 VARIM and sample preparation
Vacuum-assisted resin infusion molding was performed here with the same manufacturing
consumables as indicated in § 3.6.1.
In order to produce DCB and ENF samples for healing assessment, three types of
composite plates were processed by VARIM, containing no capsules (referred to as plain),
healing capsules (healing) and control capsules (control). The targeted fibre volume frac-
tion Vf was 50 vol% and the final plate thickness 5 mm. The preforms to be infused were
prepared following the lay-out as depicted in Figure 3.11. A release film (A600BNP15,
Cytec, 15 μm, non perforated, <230°C) was placed between the two central plies to form
the notch which acts as the starting point for the delamination in Mode I DCB and Mode
II end-notched flexure (ENF) samples. Several preliminary infusions were performed in
order to determine the optimal position and geometry of the notch, taking into account
that the release film is resin proof and strongly hinders the impregnation of the eight
fabric layers underneath. Healing or control capsules corresponding to a surface density
of 2.56 mg/cm2 were introduced in the respective plates, sieved onto a surface of 40 ×
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300 mm on the same ply where the release film was laid and next to it. The chosen
capsule surface density is equivalent to a "local" capsule weight fraction of 15 wt% (16.94
vol%), based on previous studies for solvent-based self-healing of neat resins [7, 10, 12];
this corresponds to an overall capsule volume fraction of 0.085 vol%. According to the
results indicated in § 5.1, it is known that the functionalisation of the fabrics with cap-
sules by manual sieving prior to infusion ensures an acceptable capsule dispersion for
flat shapes, thus it was deemed a suitable technique for the present investigation. More-
over, it is also known that a stack of capsule-functionalised fabrics presents a different
behavior in terms of the packing response over loading and the longitudinal permeabil-
ity towards the impregnating fluid, but not on the transverse permeability. Herein, the
presence of capsules only on the confined space of the middle ply will not considerably
modify the infusion behavior. According to the results of the preliminary swelling test
for the selection of the matrix to use, EPON 828EL was used for VARIM in this case.
Prior and during processing, both the matrix and the preform were heated to 35-40°C
in order to decrease the viscosity of the matrix (dropping from 20 to 2 Pa s by heating
from 20 to 35-40°C, as reported in § 7.2) and improve the quality of impregnation. In
such a temperature range, the pot-life of EPON 828EL/DETA is approximately 30 min-
utes. In order to overcome this time restriction, three pots of matrix were prepared and
degassed in succession with approximately 10 minutes gap in between. This enabled the
constant infusion of the preform throughout one hour. The vacuum pressure difference
was consistently kept between 0.3 and 0.4 bar during the entire processing time, following
the results of the compaction test under vacuum (§ 7.1). The plates underwent a curing
treatment of 24 h at 25°C and post-curing of 24 h at 35°C. According to previous studies
for the neat EPON 828EL [10], this was supposed to obtain an incomplete degree of cure;
since in this case a fibre reinforcement was also present, degrees of polymerisation were
checked (§ 7.6.1). DCB and ENF samples were cut out of the plates (dimensions are
indicated in Figure 3.11) using a Maïco machine equipped with a diamond saw. For each
sample, the weight was recorded, the thickness measured in 3 points and averaged and
the fibre volume fraction calculated. Moreover, optical images were taken of plain and
capsule-containing composite cross-sections, in order to verify the quality of the panels
(no significant porosity) and the state of adhesion and dispersion of the capsules.
Several additional samples were then prepared for comparison. First, DCB samples of
pure resin (referred to as neat) were manufactured with the same geometry and thermal
treatment as for composite ones, by casting EPON 828EL into silicone moulds. Second,
joint specimens (referred to as joint) were prepared. For these, two composite plates of
approximately 2 mm (containing 8 glass fabric layers) were joined with a 15 wt% healing
capsule-loaded thick layer of matrix (1 mm) containing the usual notch. These specimens
were intended to simulate a composite beam with a central layer of matrix (containing
capsules) thicker than that of the previous composite beams as processed by VARIM. It
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was expected that this would eliminate all influences of the fibre reinforcement on healing
capability.
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Figure 3.11: Schematic top view of the VARIM lay-out, including the fibre preform
(grey), the flow medium (green), the release film (blue), the sieved capsules location
(red), the inlet and outlet lines. Note that the release film and the sieved capsules lie on
the eighth ply, but are shown at the top for clarity. The geometries of DCB and ENF
samples are also showed.
3.8.4 DCB and ENF testing and healing assessment
The fracture behavior of the prepared samples was assessed in Mode I DCB and Mode
II ENF tests. DCB tests followed the ASTM standard D5528 [147], whereas ENF tests
followed the JIS standard K7086 [148], both using Universal Testing Machine (Walter &
Bai AG, Switzerland), equipped with a 1000 N loading cell and using a test speed of 4
mm/min. The load was introduced into DCB samples via the adhesion of aluminum blocks
on each side of the samples using Spabond resin cured (5 minutes curing at room tem-
perature) with Spabond adhesive non-pigmented hardener purchased from Gurit. Each
sample underwent four loading-unloading cycles. The first three correspond to the test
of the virgin specimen, whereas the fourth was applied to the healed specimen after a
given rest time. In the first cycle, loading was performed to create a pre-crack and a
fast unloading speed used until the load reached zero. In the second cycle, loading was
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performed until displacement reached 7.5 mm for ENF and 25-30 mm for DCB followed
by an unloading at the same speed of 4 mm/min until the load reached zero. In the third
cycle, a small loading-unloading cycle was performed immediately after testing until 3
mm displacement was attained, in order to quantify appearance of possible “stiffening”
(see below). Finally, after 1 or 5 days, a loading-unloading cycle was performed on the
same specimens to assess the healing efficiency and the crack was further propagated by
5 mm. At least 5 tests were performed for each condition (1 or 5 days healing time, plain,
healing or control specimens) and each test (DCB or ENF). The samples were stored at
22°C with 20% relative humidity during healing, as recommended from a previous ageing
study [10]. DCB samples were left unloaded during healing, with only the crack faces
imposed to be in contact at the location of the loading blocks (this induced a reduction
in the crack thickness, but no clamping at the crack location was applied). Some tests
were also performed with an actual clamping pressure at the crack location in order to
verify whether this could increase the healing efficiency by reducing the damage volume.
A typical load-displacement curve showing the main loading-unloading cycle of the virgin
specimen and the loading-unloading cycle to monitor the “stiffening” behavior is shown
in Figure 3.12(left) for DCB tests and in 3.12(right) for ENF test. The importance of this
“stiffening” cycle immediately following the main test is highlighted. Particularly, this
subsequent loading slope is slightly higher than the unloading slope of the main cycle,
especially for Mode II testing. This phenomenon is not related to any healing process
but is rather attributed to artifacts of the testing procedure. For ENF, it is believed
that friction phenomena between the crack faces affect the fracture behavior, and this is
enhanced by the debris present on the crack faces when capsules are present [149–151].
Healing efficiency is usually estimated by comparing the virgin and healed fracture
toughness, which implies monitoring of the crack length during testing. In the present
study, while it was possible to measure the crack length for the virgin specimens, this
was not feasible for the healed specimens, as the sides of the specimens still showed the
presence of the previous crack. As a consequence, the healing efficiency was calculated
by comparing the slope during loading of the healed specimen (slopeload,healed, after 1 or 5
days healing) to the slope during loading (slopeload,virgin, 100% efficiency) and unloading
(0% efficiency) of the virgin specimen. We view this simple method as a preliminary
quantitative indication of the healing occurrence. Moreover, in order to take the explained
“stiffening” phenomenon into account, healing efficiencies were assessed by considering as
0% the loading slope of the small “stiffening” cycle (slopeload,stiffening) instead of the initial
one. The efficiency is therefore defined as in Equation 3.18
η = slopeload,healed − slopeload,stiffening
slopeload,virgin − slopeload,stiffening · 100 (3.18)
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Furthermore, in order to quantify the effect of the presence of capsules on the me-
chanical properties of the samples tested in propagation Modes I and II, the maximum
load values were extracted from the load-displacement curve of each sample, normalised
over the fibre volume fraction of the sample, and averaged for plain, healing and con-
trol batches. Finally, the interlaminar fracture toughness was calculated for plain and
capsule-loaded composites, based on crack length measurements for Mode I tests (Modi-
fied Beam Theory) [147] and based on calculations for Mode II tests (Compliance-Based
Beam Method) [152,153].
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Figure 3.12: Typical loading-unloading cycles for (left) DCB test and (right) ENF tests.
The “stiffening” cycle is also shown (in red).
3.8.5 Post-testing characterisation
3.8.5.1 Swelling test in EPA
In order to quantify the swelling of the composite in EPA solvent, a swelling test was
performed, equivalent to that explained in § 3.8.2. Three small cylinders of 9.7 mm
diameter and 4.9 mm height were cut from each processed composite plate and immersed
into EPA solvent. Their weight uptake was recorded after 1, 3, 5 and 7 days using a
high-resolution precision balance (Mettler Toledo, AT261 DeltaRange, 0.01 mg reading,
repeatability 0.015 mg). Prior to recording the weight, excess solvent was removed from
the sample surface using Kimtech Precision Wipes (Kimberley Clark, ref. 7552). The
procedure followed that used by Neuser et al. [9], to which we refer for the swelling data
of neat EPON 828EL samples, for comparison.
3.8.5.2 Differential scanning calorimetry (DSC)
DSC analysis (TA Q100) was used in order to quantify the degree of polymerisation of
the resin in the composite samples, after 24 h curing (“-1 day”), after 24 h post-curing
(“0 day”), and after 1 and 5 days ageing in dry conditions (22°C, 20% relative humidity).
Samples originated from the same portion of fibre-reinforced resin cast in a silicone mould
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and cut in pieces of 5-10 mg. Sets of three samples underwent a temperature ramp from -
50 to 300°C at 10°C/min. The samples were subsequently taken out of the DSC hermetic
aluminum pan and subject to TGA measurements (Mettler Toledo sDTA851e, heating
ramp 30-600°C, 10°C/min, under nitrogen) in order to extract the matrix volume fraction
for each sample, which corresponds to the mass loss over the temperature interval. For
comparison, neat resin data were also taken from Neuser et al. [10].
3.8.5.3 SEM
Fracture surfaces were observed by SEM (XLF-30 FEG, FEI, available at CIME, EPFL)
and the chemical components present on these surfaces quantified by energy-dispersive
X-ray spectroscopy (EDX) using the same apparatus.
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In the context of capsule-based self-healing materials, the encapsulation of liquid phases
is a crucial step. The healing agent has to be protected during handling and processing
and then released during a damage event. For incorporation of microcapsules into fibre-
reinforced materials, the requirements for the mechanical stability become even higher,
since manufacturing conditions in terms of stresses can be harsher. Thus, the thermal and
mechanical properties of the healing capsule membrane, or shell, are of great importance.
First, the shell material needs to survive to processing and service temperatures. Secondly,
the mechanical requirements are such that the membranes survive processing stresses but
in the same time should rupture by a matrix crack. Additionally, their adhesion to the
matrix material needs to be sufficient in order for cracks not to detach the embedded
microcapsules, but pass through, thereby releasing the healing agent.
In this chapter, the morphological and thermal characterisation of pure-UF and PU/UF
shells is first presented.
Concerning the mechanical properties of the shell, Keller et al. [101] characterised the
properties of monomer-filled UF microcapsules by single capsule compression and using
an analytical model, the Young’s modulus of the shell membrane was extracted. Unfortu-
nately, the pure-UF encapsulation protocol does not allow straightforward tuning of the
shell thickness (which was reported to be in the 160-220 nm range [94]) and consequently
mechanical properties cannot be changed. Later, Caruso et al. [83] described a method to
reinforce the UF shells by adding an aromatic diisocyanate to the core fluid which forms
a PU layer at the emulsion interface. These hybrid PU/UF shells were shown to increase
the bursting force as well as thermal stability but the shells were not characterized us-
ing the aforementioned analytical model. The goal of this work was then to complete
this analysis and study how the mechanical properties of PU/UF composite shells change
as a function of the shell thickness, composition and the capsule diameter. Therefore,
polyurethane-reinforced PU/UF microcapsules filled with a solvent were produced fol-
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lowing the protocol explained in § 3.3 and analysed in detail. An analytical model was
adapted to extract the Young’s modulus of the hybrid shell and evaluate the mechanical
properties’ dependency on capsule diameter. This was accomplished using single capsule
compression, then by fitting these results to the shell model, which allows an accurate
description of the Young’s modulus of the PU/UF composite shell.
4.1 Capsule aspect and average diameter
Typical micrographies showing the 125-250 μm fraction of different type of produced
capsules are presented in Figure 4.2. Any significant difference is noticed under optical
microscope between different capsule cores or between pure-UF and PU/UF capsules
(different shell). Moreover, Figure 4.1 can suggest some of the following observations:
. some capsules totally or partially released their content after they damaged during
the encapsulation process or handling (the color loss might be a good indication of
the released content);
. junk particles were observed (not formed microcapsules, debris of broken shells,
agglomerates of not reacted components);
. the fracture behavior of the outer shell is visible: the shell starts to break creating
two hemispheres tearing apart and the content is released [88]; the sharp fracture
plane indicates a brittle behavior related to the UF shell.
All microcapsule batches were characterised in terms of size. Table 4.1 summarises the
number-length average diameters values obtained for the batches used in the different
studies.
Figure 4.1: Some evidences of damaged/empty capsules, debris and capsule tearing.
90-125 μm of pure-UF capsules is shown.
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Figure 4.2: OM images for pure-UF (left) and PU/UF capsules with 7.5 g PU prepolymer
(right). 125-250 μm fractions are visualised.
Capsule compression tests (125-355 μm fraction) - § 4.4
Pure-UF, healing 224 ± 51
2.5 g PU/UF, healing 166 ± 25
5 g PU/UF, healing 215 ± 29
7.5 g PU/UF, healing 183 ± 33
Functionalised fabric tests (125-250 μm fraction) - § 6
Pure-UF, healing 201 ± 22
CAI tests (125-250 μm fraction) - § 5
Pure-UF, healing 185 ± 29
Pure-UF, control 191 ± 30
DCB/ENF tests (125-250 μm fraction) - § 7
Pure-UF, healing 191 ± 33
Pure-UF, control 183 ± 33
Table 4.1: Number-length average diameters (μm) for the microcapsule batches used for
different studies.
4.2 Capsule thermal properties
The thermal properties of microcapsules were investigated through TGA measurements.
Firstly, the comparison between pure-UF and PU/UF microcapsules, i.e. presenting
different shells but the same healing core, was performed. Figure 4.3 shows the mass loss of
UF and PU-reinforced microcapsules as a function of temperature. In UF microcapsules,
a small evaporation of moisture occurred between 70 and 100°C, followed by a mass loss
at a gradually increasing rate, peaking at approximately 280°C. Beyond, only the shell
material remained. Concerning PU-reinforced capsules, the results suggest a very low
moisture content in all three batches with different PU precursor amounts. As opposed to
pure-UF shells, PU/UF shells offer very high thermal stability, with no significant mass
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loss until 240°C, well above the boiling point of core solvent EPA (229°C). Beyond 240°C,
the capsules release the solvent and at 275°C, almost all the solvent had evaporated for
all three types of PU/UF capsules. Note that for higher PU contents, the residual weights
after solvent evaporation are also higher. At 290°C, the residual weight is 1.9, 2.6, 6.0
and 7.8% for pure-UF, 2.5, 5.0 and 7.5 g PU/UF microcapsules, respectively.
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Figure 4.3: Mass loss of pure-UF and PU-reinforced microcapsules as a function of
temperature.
Secondly, thermal properties are compared for healing and control capsules, i.e. pre-
senting different core material, as reported in Figure 4.4. No significant difference in
behavior was noticed between healing and control capsules, except for a shift of the main
weight drop due to the different boiling temperatures of EPA (229°C) and HA (171.5°C).
In summary, we can conclude that
. for UF shell capsules, the capsule core does not influence the thermal behavior,
however it relates to the temperature at which the mass loss is located, which is
associated to the boiling point of the core material;
. the double-wall provides to the capsules an undoubted higher thermal stability,
independently of their shell, that makes them suitable for higher temperature ap-
plications. In our case, since the maximum temperature which is attained during
curing and post-curing is 35°C, there is no specific need of double-wall capsules.
It is important to notice that over manufacturing the local temperature inside the
composite can raise (compared to the process temperature) due to the high exother-
micity of the matrix polymerisation (specific heat and experimental total heat of
reaction of the EPON 828EL cured with DETA are 2.09 J/g °C and 558 J/g respec-
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Figure 4.4: Mass loss of healing and control microcapsules as a function of temperature.
tively); however, thanks to the presence of many heat dissipation media, this does
not have significant effect.
4.3 Capsule shell thickness and morphology
The shell thickness of pure-UF and PU/UF microcapsules was investigated by SEM anal-
ysis. Example images of microcapsules shells are shown in Figure 4.5.
200 nm
215 nm
187 nm
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1158 nm
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1184 nm
Figure 4.5: SEM images of shell of (left) pure-UF capsules (180-250 μm fraction) and
(right) 7.5 g PU/UF capsules (180-250 μm fraction). Note that the measured thickness
refers only to the smooth layer and does not include the inner and outer agglomerates.
For pure-UF shells, Figure 4.5(a) shows a capsule of the fraction comprised between
180 and 250 μm. This type of capsule had an average shell thickness of 189 nm and in
general was characterised by a very smooth interior as opposed to the rough surface. Urea
73
Chapter 4: Characterisation of solvent-filled PU/UF core-shell capsules
and formaldehyde react in the water phase, they condense at the oil-water interface and
as the reaction proceeds, larger agglomerates form in the water phase which then stick to
the already formed, smooth shell, as was also reported by Brown et al. [94]. For the 7.5
g PU/UF shell, in Figure 4.5(b), the average thickness was almost sixfold higher, at 1134
nm, and large agglomerates of PU were visible in the interior of the shell.
In Figure 4.6, the shell thicknesses are summarised for the four types of microcapsules
(pure-UF, 2.5, 5.0 and 7.5 g PU/UF) as well as 5 different size fractions (<90, 90-125, 128-
180, 180-250, 250-355 nm). One can observe that, for pure-UF capsules, the shell thickness
is around 200 nm, independently of the capsule diameter, whereas for PU-reinforced
capsules, the shell thickness is higher overall and additionally increases with increasing
capsule diameters. While for 2.5 g PU/UF shells, the thickness increases gradually from
approximately 400 to 800 nm for increasing capsules diameters, a plateau is reached for
higher PU contents. For instance, for 7.5 g PU/UF shells, the thickness increases from 800
to 1200 nm already for capsules with <90 μm and 90-125 μm, respectively, and is roughly
constant thereafter even for very large capsules. The reason for the different trends is due
to the dissimilar shell forming principles: for pure-UF shells, the polymerisation takes
place in the water phase and the UF polymer available per droplet surface is constant
and independent of the droplet diameter. In contrast, the PU is formed through the
reaction of the isocyanates dissolved in the core droplet. Therefore the total mass of PU
is proportional to the cube of the droplet diameter whereas the droplet surface only scales
with the square of the diameter. For the case of 2.5 g PU/UF shells, if one subtracts
the thickness of the UF shell, the PU shell thickness is increased approximately threefold,
from approximately 200 to 600 nm for the smallest to the largest fraction, in line with the
increasing average diameter. For higher PU contents, a saturation value is reached: at
7.5 g added PU, the maximal thickness of approximately 1200 nm is already reached for
the capsules in the 90-125 μm diameter range while for 5 g, the saturation is only reached
for the largest fraction analysed in this work.
Atomic force microscopy allowed us to better visualise the difference in shell morphol-
ogy between pure-UF and PU/UF capsules, thereby verifying the supposed mechanisms
of the shell formation. Figure 4.7 shows two phase-contrast AFM images of a pure-UF
capsule air-shell interface and that of a PU/UF capsule. For pure-UF capsules, the shell
is composed of only one phase, with a smooth inner and a rough outer layer. For PU/UF
capsules, instead, three different morphologies, composed of two different material phases,
were observed: the inner part corresponds to the PU phase and is rough with PU agglom-
erates; the central part consists of a PU and UF mixture and is smooth with constant
diameter; finally, the outer layer is rough again and consists of UF agglomerates.
In conclusion, a change of morphology between pure-UF and PU/UF capsules was
demonstrated by AFM. Moreover, it was found that while pure-UF capsules have a shell
thickness which is independent of the capsule diameter, the thickness of PU-reinforced
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shells scales with the capsule diameter until a saturation value. In addition, the presence
of an additional PU layer increases the thickness of approximately 4 to 6 times. This is
extremely important for the consequences on the capsule mechanical properties, as it will
be explained hereinafter.
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Figure 4.6: Shell thickness as a function of PU content and average diameter of capsules.
Figure 4.7: Phase-contrast AFM images of the shell of pure-UF (left) and 7.5 g PU/UF
(right) capsules.
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4.4 Capsule compression properties
The mechanical behavior of the different types of microcapsules was experimentally tested
in single capsule compression test.
The microcapsules generally presented a constantly rising resistance for relative dis-
placements up to 20-30%, followed by slight yielding of the membrane polymer just before
shell bursting, characterised by a sharp drop in force due to liquid leakage and associated
pressure drop inside of the capsule. Figure 4.8 shows two typical results of capsule com-
pression for a pure-UF shell, as well as a 7.5 g PU/UF shell where the Young’s modulus
based on the capsule diameter and the shell thickness was computed by using the model
fit [13], as detailed in § 3.4.5. For the present pure-UF capsule, the diameter was 142 μm
and therefore the shell thickness was 202 nm, based on Figure 4.6. The resulting Young’s
modulus was 2.34 GPa. The 7.5 g PU/UF capsule was 187 mm in diameter with a cor-
responding shell thickness of 1134 nm. The resulting Young’s modulus for the PU/UF
composite shell was 0.62 GPa. Although the 7.5 g PU/UF capsules showed higher force
readings at a given deformation as compared to the pure-UF shell, the modulus is much
lower due to the almost sixfold higher shell thickness and higher capsule diameter.
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Figure 4.8: Typical results of a pure-UF and 7.5 g PU/UF shell single capsule compression
experiment. Yielding is marked by a circle and the dotted line represents the fitted model.
Figure 4.9 summarises the Young’s moduli for pure-UF, 2.5, 5.0 and 7.5 g PU/UF
shells, as computed using the model described in § 3.4.5. The results for the UF shells are
quite variable but in average presented a modulus of 3.54 GPa, as also reported by Keller et
al. [101]. For PU-reinforced shells, the Young’s moduli were much lower: 1.15 GPa for 2.5
g, 0.83 GPa for 5.0 g and 0.71 GPa for 7.5 g PU/UF shells. Using a simple rule of mixture
76
Chapter 4: Characterisation of solvent-filled PU/UF core-shell capsules
based on the shell thicknesses, the average modulus of the PU is computed as 0.20 ± 0.05
GPa. Additional compression tests on pure-UF and 7.5 g PU/UF microcapsules batches
which were stored for at least 8 months at ambient conditions showed very similar values as
compared to freshly prepared microcapsules as the computed Young’s moduli were found
to be 3.46 ± 0.24 and 0.58 ± 0.13 GPa, respectively. Furthermore, the bursting forces as a
function of capsule diameter and shell composition are shown in Figure 4.10. Trend lines
show the linear fit using a least squares method. While the modulus of PU-reinforced
microcapsules was much lower than that of UF capsules, their bursting force is higher and
also scales more with capsule diameter as compared to pure-UF capsules. We attribute
this behavior to two different properties of PU/UF membranes: (i) the shell thicknesses
of PU/UF shells scale with capsule diameter whereas they are almost constant for pure-
UF shells and (ii) PU/UF shells exhibit slightly higher strains at bursting as shown in
Table 4.2, meaning higher ductility in terms of elongation at break. Therefore, for small
capsule diameters, pure-UF and 2.5 g PU/UF shells have similar bursting forces. For
higher capsule diameters, the trend lines of PU/UF shell bursting forces converge because
the higher capsule diameters lead to a higher PU mass to shell surface ratio and ultimately
lead to a saturation thickness of the shell, confirming the observation above.
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Figure 4.9: Average Young’s modulus of the shell as a function of PU content.
In summary, it was shown that the modulus of PU-reinforced shells is much lower
than that of pure-UF capsules, but that burst forces and elongation at break are higher
in PU/UF shells due to the higher shell thickness and ductility in terms of elongation at
break. For applications of these microcapsules in new self-healing composites, the present
findings suggest that PU/UF capsules are more appropriate as compared to UF capsules,
as they show both higher strains and forces at bursting, making them more resistant to
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Figure 4.10: Burst force as a function of PU content and capsule diameter.
Shell type Deformation at yield Deformation at rupture
Pure-UF 0.25 ± 0.03 0.35 ± 0.08
2.5 g PU/UF 0.26 ± 0.02 0.46 ± 0.04
5 g PU/UF 0.30 ± 0.05 0.50 ± 0.08
7.5 g PU/UF 0.26 ± 0.03 0.42 ± 0.06
Table 4.2: Deformation at capsule yielding and rupture.
harsh processing conditions. Furthermore, if very small capsules are desired (diameter in
the low μm range), our results indicate that high concentrations of PU will have to be
added to the core fluid in order to form thicker shells; concentrations which might influence
the effectiveness of the core phase’s healing ability. On the other hand, for larger capsules,
the shell thickness converges to a maximal value dictated by the curing kinetics rather
than available monomer and the PU prepolymer concentration can be reduced.
4.5 Summary
An oil-in-water emulsion technique enabled the successful production of solvent-filled cap-
sules with diameters in the range 90-250 μm. Setting the stirring rate of the emulsion
enabled to tune the capsule diameter. The 125-250 μm was considered as the most suitable
size fraction of capsules in the majority of the case studies. As will explained hereinafter,
capsules with such a size can fit the interbundle volumes that the selected woven fabric
reinforcement presents, by keeping protected and safe. We note that the emulsion proto-
col could have allowed us to produce smaller size capsules (using a lower stirring rate):
smaller capsules could have been promising for interfering less with the fabric reinforce-
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ment (especially in terms of packing and permeability properties) and fit better within the
fabric interstices, however they would present a lower bursting force, provide less healing
agent at equal content and might be filtrated through the fabric plies during impregnation
due to a significant through-thickness flow. As a result, the largest capsule size still able
to fut within the tow spacing of the reinforcement fabric was selected for the rest of the
study.
It was possible to produce capsules with different core materials (EPA, HA) and differ-
ent shells (pure-UF, UF-PU) by using the same technique. In terms of thermal properties,
it was found that the capsule core does not influence the thermal behavior; however, it
relates to the temperature at which the mass loss is located, which is associated to the
boiling point of the core material. Moreover, the double-wall provides an undoubted
higher thermal stability, independently of their shell, that makes these capsules suitable
for higher temperature applications. For our purposes, mono-wall capsules were selected
as suitable, since the maximum temperature which is attained during curing and post-
curing does not go above 35-40°C. The morphology of the shell was also analysed and
a change between pure-UF and PU/UF capsules was demonstrated. Moreover, it was
found that pure-UF capsules have a shell thickness which is independent of the capsule
diameter, while the thickness of PU-reinforced shells is 4-6 times higher and scales with
the capsule diameter until a saturation value. Single capsule compression testing, with
the help of an analytical model, demonstrated that the modulus of PU-reinforced shells
is much lower than that of pure-UF capsules, but burst forces and elongation at break
are higher in PU/UF shells due to the higher shell thickness and ductility in terms of
elongation at break. Thus, for harsh processing conditions, PU/UF capsules are more
appropriate as compared to UF capsules, although they are less fragile. Again, for our
purposes, pure-UF capsules were considered as more suitable in order to privilege fragility
rather than bursting force. Indeed, fragility is the a necessary condition for the capsule
breakage thus the solvent release.
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Preliminary assessment of solvent
healing through CAI tests
As mentioned previously, introduction and survival of the healing system is one of the
major issues in the manufacturing of self-healing composites. Concerning microcapsule-
based self-healing composites, two techniques for incorporating the healing agent have
been proposed so far. Kessler et al. [1, 2] and Patel et al. [125] simply mixed capsules
with the epoxy resin prior to hand lay-up; this solution leads to two side issues, typically
the increase of the matrix viscosity, with consequent risk of poor impregnation, and the
possible retention of capsules through the fabrics. Sanada et al. [134] slightly modified
this methodology performing a dip-coating of the reinforcement (carbon fibre strands)
in a strongly capsule-loaded resin, followed by partial curing and further impregnation
with the same resin. A second strategy consisted instead in functionalising the fibre
reinforcement rather than the matrix. Blaiszik et al. [137], although dealing with single
glass fibres, used a dip-coating technique in order to couple catalyst particles first and then
1.5 μm diameter healing capsules; the dipping medium was in this case a liquid destined
to evaporate. This procedure is undoubtedly elegant but might become significantly
time-consuming. Jones et al. [11] also functionalised single fibres by dipping them in an
aqueous solution of capsules, with the aim of further embedding them in epoxy droplets
and testing the healing mechanism of the epoxy-fibre interface through a microbond test.
An alternative method of fabric functionalisation consists in the manual dispersion of
capsules by sieving, which ensures an acceptable degree of capsule distribution, although
is not indicated for non-flat shapes. In literature, such a technique can be found for the
functionalisation of preforms with binders or tackifiers [138], and it lends itself to scale-up
using the same automatized methods as for binder deposition on fabrics directly following
the weaving process. This technique was chosen for the present work and is presented in
this chapter.
Following to the preparation of capsule-functionalised fabrics, a preliminary assessment
of healing was carried out by using CAI test and is presented in the second part of
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this chapter. CAI test is a standardised test in aerospace industry [123, 124], which has
been developed to characterise the damage tolerance for composite materials. This test
provides the quantification of the residual compressive strength after an impact with a
specific energy. The impact largely involves a Mode II high shear rate crack propagation
leading to multiple delamination, while the compression loading causes further growth of
the delamination cracks by macrobuckling in a dominant opening Mode I fracture [154].
The healing evaluation of interlaminar cracks is thus possible by simply comparing the
residual compressive strength of impacted samples with and without healing. Difficulties
of the test consist in (i) the perfect alignment conditions required for the compression
test, meaning the need of very accurate sample edges grinding and compression frame
alignment procedures and (ii) the need of thick samples (e.g. 5 mm) so the adaptation
of the liquid manufacturing techniques. As yet, only a few papers have been published
which presented the evaluation of healing of impact cracks. Using hollow fibre extrinsic
approach (§ 2.2.2), Bond et al. studied the healing of damage created through quasi-
static indentation (similar to impact damage) and the recovery of damage was assessed
with four-point bending tests [43,44,46]. Williams et al. used CAI test with 3 J impacts
and demonstrated recovery of CAI strength with healing at 125°C [47]. Using another
healing system, namely epoxy capsules with latent hardener, Yin et al. also performed
CAI test on woven fibre-glass epoxy composites and showed healing of low-impact cracks
with the application of lateral pressure and 140°C heating [136]. Alternatively, with the
use of the pioneering healing approach, Patel et al. [125] investigated low-velocity (up
to 45 J) impact damages again using CAI test. Results indicated that healed specimens
exhibited a decreased crack length and partial recovery of residual compressive strength;
a greater recovery was shown when samples were subject to a 1077 kPa lateral pressure
during the healing time, which induced a damage volume reduction. No studies are present
so far which used CAI test combined with a solvent capsule-based healing system.
5.1 Fabric characterisation and functionalisation with
capsules
The chosen method for the introduction of the healing capsules was the fabric func-
tionalisation, consisting in the manual dispersion of capsules by hand sieving. Before
functionalisation, the adapted size range of capsules was selected for use, depending on
the fabric interbundle (or interstitial) dimensions). “Interstice” refers to the volume con-
tained between the fabric tows, which is related to the type of weaving. Optical imaging
of a plain fabric (not functionalised), as showed in Figure 5.1(left), demonstrated inter-
bundle interstices in the range 150-200 μm (width), in which particles with 125-250 μm
diameter can thus fit, as observed in Figure 5.1(right). Since optical imaging does not
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provide any information about the interstitial dimension along the z-coordinate, X-ray
micro-computed tomography was also performed. Figure 5.2 shows a reconstructed and
thresholded slice of one layer of the selected glass fabric; the yellow area gives a visual
indication of the volume –in scale– occupied by capsules with a size range of 125-250 μm
if laid within the interstices and/or onto the fibre bundles. Indeed, by visually analysing
the functionalised fabrics after the sieving process, it was observed that capsules partially
fall down within the interstices and stay there, and partially fall down on the surface
of warp/weft tows and stay there or roll down to an interstice, as Figure 5.3 shows. It
was supposed that capsules fitting in the interstices remain more protected and safe and
do not significantly increase the overall thickness of the stack, whereas those onto the
yarns are responsible for a thickness increase and more susceptible to rupture while the
fabric is compressed during processing. In order to have most of the capsules within the
interstices of the selected fabric (with a specific dimension), it was thus fundamental to
select appropriate capsule dimensions for a certain fabric type with a specific interstice
volume. As explained above, the 125-250 μm fraction was found herein as suitable from
a geometric standpoint.
Figure 5.1: Optical image of the plain fabric, showing the bundle and interstices dimen-
sions (left), and of the fabric with microcapsules (125-250 μm fraction) sieved onto the
surface and fallen mainly within the interstices (right).
Figure 5.2: X-ray micro-computed tomography image of one plain fabric ply. The yellow
area indicates the volume –in scale– that would be occupied by capsules with a size range
of 125-250 μm laying within the interstices and/or onto the fibre bundles.
Furthermore, in order to validate this method and verify the degree of distribution
of the capsules onto the fabric surface, a “visual test” was performed. The procedure is
reported in § 3.5. Figure 5.4 shows the results, compared with the Mathematica model of
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Figure 5.3: Optical image of the fabric with sieved 125-250 μm capsules.
surface coverage described in § 3.5, for the three different capsule volume fractions in the
matrix V ∗c , namely 10, 20 and 30 vol%. Qualitatively, the degree of distribution was found
satisfactory. Since it is a manual process, the quality of the results obviously depends on
the accuracy taken by the operator while sieving. We notice that, especially in the pres-
ence of higher capsule amounts, presence of capsule “heaps” are visible and more uneven
distributions are found. However, at a laboratory scale and for smaller capsule loadings,
this technique can be considered sufficiently effective. Higher distribution accuracy and
reproducibility could be obtained with an automatisation of the same technique, using
vibrating tables for instance, which might be suggested for an industrial process.
As a conclusion, manual sieving was chosen as an effective method for functionalising
the fabrics prior to processing. Indeed, it was qualitatively verified that an acceptable
degree of capsule distribution is achievable with such a method. Moreover, it was observed
that 125-250 μm diameter capsules can geometrically fit the interstices of the chosen fabric,
thus revealing as the appropriate capsule size fraction for manufacturing a capsule-based
self-healing FRP. However, a certain fraction of capsules, depending on V ∗c , will lay onto
the yarns: as a consequence, an increase of the stack thickness and a change in the
compressibility and permeability properties are expected.
5.2 Influence of capsules on fracture properties
Once the panels were produced through VARIM as described in § 3.6.1, samples for
CAI test were prepared and tested. Prior to any healing evaluation, the influence of
the capsule presence on the compression properties was first evaluated. As Figure 5.5
shows and Table 5.1 summarises hereinafter, the compressive strength was calculated for
unimpacted samples containing no capsules (plain) and containing control capsule volume
fractions of Vc of 1.25 vol% and 6.5 vol%. Herein, for studying the capsule influence
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Figure 5.4: Dispersion test on 50 × 50 mm functionalised fabrics with V ∗c of 10, 20 and
30 vol%.
on the fracture properties (independently on the impact), unimpacted control samples
were considered since they do not provide any healing thus any recovery of compressive
strength. The results showed that the capsule presence results in a drastic decrease of
compressive strength up to 53% for Vc = 6.5 vol%. In the case of Vc = 1.25 vol%, the
obtained value is difficult to interpret, as it seems that the presence of capsules leads to a
slight increase of compressive strength (+1.2%); the presence of Vc = 1.25 vol% can thus
be considered as having a negligible effect on the compressive strength. Moreover, two
additional pieces of information could be obtained. First, the compressive strength of the
plain composite (Vc = 0 vol%), despite the incomplete polymerisation, showed quite high
values up to approximately 265 MPa; these values were higher than what was obtained
for other capsule-based self-healing composites [125]. Second, impacts of 5 J energy
were found to not significantly affect the compressive strength. Indeed, as summarised
in Table 5.1, the decrease of compressive strength due to 5 J-impacts corresponds to
approximately 4.5% for Vc = 1.25 vol%. For Vc = 6.5 vol%, instead, the slight increase of
compressive strength after impact must be considered as negligible.
In summary, we could conclude that, in general, the capsule presence negatively in-
fluences the compressive properties, especially for high loadings. This was also confirmed
with images taken on the sample surface perpendicular to the compressive failure prop-
agation plane (Figure 5.6), showing propagating microcracks attracted by the dispersed
capsules, which acted as inclusions. Such inclusions surely represent weakening points for
the material where cracks can be attracted, thus explaining the decrease of compressive
85
Chapter 5: Preliminary assessment of solvent healing through CAI tests
strength; however, concurrently, this is a necessary condition for the healing mechanism
to occur. Nevertheless, some results concerning the effect of the capsule presence and
the 5 J-impacts on the compressive strength could still not be explained and further in-
vestigations would be needed to assess the fracture mechanisms in these heterogeneous
materials.
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Figure 5.5: (Residual) compression strength measured by CAI test for samples with
different control capsule concentrations. Bars with plain and dashed background indicate
unimpacted and impacted (5 J) samples, respectively.
Figure 5.6: Crack propagating through dispersed capsules. The image was taken on a
plane perpendicular to that of the compressive failure propagation.
5.3 Healing efficiency assessment
A preliminary assessment of the healing capability of such samples was carried out and
the results are herein presented. The presence of healing could be detected by comparing
the change of residual compressive strength (RCS) between control and healing samples:
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if healing occurred, the cracks due to impact would have repaired at a certain extent and
the residual compressive strength would present higher values (possibly equivalent those
of the compressive strength of unimpacted samples in case of 100% healing). Results
are presented in Figure 5.7 and summarised in Table 5.1. Only in the case of Vc = 1.25
vol% a little healing could be observed, since the drop of compressive strength due to
the impact damage was slightly lower for healing samples as compared with control ones.
Unfortunately, this could not be detected for samples with Vc = 6.5 vol%, for which it
is not possible to validate the results. Several reasons could be suspected for explaining
the lack of healing and the surprising values of residual compressive strength of certain
samples:
1. capsule breakage during processing, probably due to a vacuum pressure difference
applied during VARIM which was too high and led to bursting of a certain amount
of capsules sieved on each ply, thus lack of healing agent;
2. damage extent and crack thickness induced by impact, which was probably too
large;
3. lack of effectiveness of the solvent healing mechanism for this type of resin system
(EPON 862) and composite.
The first potential reason could be verified by analysing the optical images of the sample
cross-sections. Indeed, as visible in Figure 5.8, although good quality of impregnation
(low porosity content) and capsule dispersion were observed for all panels, damaging of
some capsules occurred. This was believed to be due to a vacuum pressure difference that
was too high and could be one explanation for justifying the lack of healing. However,
the two other reasons remained at this point only uncertain suppositions which could not
be verified. The next chapters of the manuscript will address these issues in depth, by
analysing compression properties of capsule-functionalised fibrous stacks, resin swelling,
processing and healing with controlled crack propagation and location.
Sample Capsule influence Δ(RCS) (%)
Plain (Vc = 0 vol%) -1.5%
Control (Vc = 1.25 vol%) +1.2% -4.4%
Control (Vc = 6.5 vol%) -53.2% +2%
Healing (Vc = 1.25 vol%) - -3.5%
Healing (Vc = 6.5 vol%) - +5.3%
Table 5.1: Summary of CAI test results: influence of capsules and percentage de-
crease/increase of residual compressive strength.
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Figure 5.7: (Residual) compression strength measured by CAI test for samples with
different healing capsule concentrations. Bars with plain and dashed background indicate
unimpacted and impacted (5 J) samples, respectively.
Figure 5.8: Examples of damaged capsules contained in a panel with Vc = 6.5 vol% and
processed at 0.09 MPa pressure difference.
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5.4 Summary
In this chapter, the approach to introduce the healing system within the composite was
first presented. Manual sieving was validated as a laboratory-scale technique suitable for
obtaining satisfactory degrees of capsule distribution onto the fabrics prior to processing.
Concurrently, an adapted capsule size was selected depending on the interbundle dimen-
sions of the woven selected fabric. Following to the fabric functionalisation with capsules,
VARIM allowed us to obtain samples for further CAI experiments. Sample quality was
overall good, capsules were well distributed but some ruptured during the process. CAI
testing mainly showed (i) a drastic decrease of compressive strength due to the presence of
capsules, especially at higher loadings, and (ii) lack of healing. Several causes were namely
the loss of the healing agent proposed in the capsule due to breakage during processing
and the lack of effectiveness of the healing mechanism. In parallel, CAI testing did not
enable an effective healing evaluation. Indeed, it does not provide a precise locationand
thickness control of the cracks appearing under the impact location thus a suitable spot
where to study the healing mechanism; moreover, the healing efficiency expressed as re-
covery of residual compressive strength seems a too macroscopical parameter compared
to the microscopical scale of the healing phenomenon.
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Chapter 6
Packing and permeability properties
of capsule-functionalised fabrics
Prior to processing, the reinforcement stack is usually characterised in terms of packing
properties in dry conditions. The fabric stress–strain curve in compression gives an indi-
cation of the degree of fabric compaction for a given load (enabled by phenomena such
as nesting depending on the fabric architecture), which is important for all techniques
of composite manufacturing where pressure is applied (mechanical pressure or vacuum)
and an infiltrating fluid is present. The degree of compaction is directly linked to the
permeability of the reinforcement during infiltration, the achievable thickness of the part
and consequent fibre volume fraction [155, 156]. Many studies are present in literature
about the compressibility of various plain fibre reinforcements [146, 157–164]; however,
only a few concern particle-functionalised ones, although it has been found that polymer
binders distributed on a reinforcement surface affect the compressibility of the preform,
may dissolve in the resin and change its viscosity and, not least, alter the overall com-
posite mechanical properties [165]. Besides the compressibility, the fibre reinforcement
is also usually analysed in terms of permeability (longitudinal and transverse). For a
certain type of reinforcement, with a particular architecture, the permeability values are
known to change depending on the fibre volume fraction and the degree of nesting (thus
compression) of the stack [166, 167]; moreover they show scatter due to injection pres-
sure variations and race tracking, as well as intrinsic variability of the textile. It is here
believed that the presence of capsules may also affect the permeability, as they modify
the porosity of the dry reinforcement available for the impregnation. Their presence can
thereby induce an interference with the resin flow during processing, leading to possible
variation of the flow rate depending on the capsule concentration. Both for compaction
and permeability properties, capsule size distribution needs also to be taken into account
and correlated to the interstice volume available between the tows of industrially relevant
fabrics.
In this chapter, the functionalisation of glass reinforcements with healing capsules is
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performed with manual sieving and, mainly, the effect of the presence of capsules on the
packing and permeability properties of a stack of woven glass fabrics is investigated.
6.1 Packing behavior
The results concerning the packing behavior of dry plain and capsule-functionalised fabrics
are here reported. Figure 6.1 shows the result of compression tests for plain (V ∗c = 0%)
and capsule-functionalised (V ∗c = 2.5, 5 and 7.5%) fabrics. For all curves, i.e. all capsule
concentrations, the usual behavior of an overall thickness decreasing over loading till
reaching a plateau was found, together with an hysteretic behavior while unloading (not
shown here for clarity). However, the presence of capsules causes an increase of the
overall stack thickness at equivalent applied pressure. Capsules, mainly those laying onto
the fabric yarns (i) increase the thickness of the stack already in unloaded conditions and
(ii) constitute an interference for fabric nesting over loading. This phenomenon becomes
more marked as the amount of capsules increases, since the probability of capsules laying
onto yarns rather than within interstices increases. Therefore, a shift of the compression
curves related to the functionalised fabrics was observed as compared to the plain fabric.
This result confirmed what obtained for samples used for CAI testing, which presented
an increasing composite thickness with increasing capsule loads. Indeed, as shown in
Figure 6.2, the cured plate thickness is plotted as a function of the capsule volume fraction
of the panels. The values are scattered, but they confirm the tendency of an increasing
thickness with increasing capsule loading. As comparison, compressibility data obtained
on the dry fabrics are also reported (extracted from the graph in Figure 6.1), indicating
the thickness values which are achievable at an applied pressure of 0.09 MPa.
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Figure 6.1: Compressibility of plain and capsule-functionalised fabrics in terms of thick-
ness over loading (zoom 0.01-0.1 MPa).
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Figure 6.2: Thickness of the fibre stack (from compressibility data) and of the experi-
mentally infused plates, as a function of capsule volume concentration over matrix.
The pressure-thickness data can be used to calculate the respective curves that repre-
sent the maximal achievable fibre volume fraction as a function of pressure. Equation 6.1
Vf =
gsm
ρf t
(6.1)
was used, where Vf is the fibre volume fraction, gsm the fabric areal weight, ρf the density
of the fibre material and t the total thickness of the stack.
Figure 6.3 reports the plots of applied stress in log scale versus Vf . For a given applied
pressure, for example in a vacuum-assisted infusion process with 0.09 MPa pressure dif-
ference, lower fibre volume fractions are achievable with capsule-functionalised instead of
plain fabrics. One can expect to reach Vf of 51.0% for the plain composite, whereas the
same applied pressure leads to Vf of 43.8, 43.0 and 42.2% for capsule-containing compos-
ites with V ∗c of 2.5, 5 and 7.5 vol% respectively. For such a three-phase material (matrix,
fibres and capsules), the curve of applied stress in log scale versus the pore volume frac-
tion, that is calculated as 1-Vf -Vc, is reported in Figure 6.4. One can notice that the
presence of capsules, compared to the plain fabric, increases the porosity at all applied
pressures, denoting that capsules constitute an hindrance for fabric nesting and packing,
thus explaining the lower achievable fibre volume fractions. By carefully analysing the
portion of the curves at high applied pressures, a decrease of slope is observed, mainly
for V ∗c = 7.5%. This is attributed to capsule rupture, which occurs more frequently for
higher capsule concentrations, since more capsules are on the yarns and directly exposed
to the effect of pressure.
93
Chapter 6: Packing and permeability properties of capsule-functionalised fabrics
0.01!
0.1!
0.3! 0.35! 0.4! 0.45! 0.5! 0.55!
Pr
es
su
re
 (M
Pa
)!
Fibre volume fraction!
Vc*=0%!
Vc*=2.5%!
Vc*=5%!
Vc*=7.5%!
Figure 6.3: Compressibility of plain and capsule-functionalised fabrics in terms of fibre
volume fraction over loading (zoom 0.01-0.1 MPa).
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Figure 6.4: Compressibility of plain and capsule-functionalised fabrics in terms of porosity
(calculated as 1-Vf -Vc) over loading (zoom 0.01-0.1 MPa).
Compression curves for textile preforms have been shown to follow a simple power
law, Equation 6.2
P = a(Vf − Vf0)n (6.2)
where P is the applied pressure, Vf is the fibre volume fraction, Vf0 the initial (unpacked)
fibre volume fraction, a and n are the coefficient and the exponent of the power law
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respectively [155,156]. Results are shown in Figure 6.5 in log-log plot. We remark that in
such a log-log plot, a standard plain fabric is usually characterised by a linear compaction
behavior, that is a linear logarithmic pressure increase with the logarithmic fibre volume
fraction.
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Figure 6.5: Log-log compressibility curves of plain and capsule-functionalised fabrics.
The dashed line indicates a power law index of 9.3, which corresponds to the average
index for all curves. The zoomed area shows the deviation from linearity occurring for
capsule-functionalised samples at pressures between 0.01 and 0.06 MPa.
The presence of capsules, although decreasing the maximum achievable fibre volume
fraction (at 0.1 MPa), does not significantly influence the power law exponent n, which
presents a value of 9.35 for the stack without capsules and an average value of 9.25 ±
1.02 for the capsule-functionalised samples. Moreover, values of n found in literature for
plain woven twill fabrics [155] agree with the ones here obtained. However, a deviation
from the usual linear behavior was observed at low pressures, more remarkable along the
curves of capsule-functionalised fabrics. This is interpreted as an effect of the presence of
the capsules that is relevant when the pressure applied is low, thus when the capsules are
still intact; this effect vanishes as soon as the pressure becomes higher (above 0.06 MPa)
and induces capsule rupture: the remaining capsules’ debris do not modify anymore the
usual packing behavior of a plain stack of fabrics. Unfortunately, a correlation between
compression testing of a single capsule [13] and a capsule-functionalised fabric was at-
tempted but the result is not straightforward, as the capsule diameter is not constant and
the position of the capsules within the fabric also changes. We conclude that the packing
behavior is affected by the presence of the capsules at low pressures mainly, indicating
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that capsules do modify the way fabrics nest and compress. At higher pressures, this
phenomenon disappears and the behavior follows that of the plain fabric, with a lower
Vf , probably denoting some capsule bursting under the effect of the applied pressure
and remaining as debris on the tows, whereas capsules nested in the interstices do not
interfere much with packing. During manufacturing of capsule-functionalised fabrics, it
is thus fundamental to avoid high degrees of vacuum that can cause premature rupture
of the capsules. These results demonstrated that the pressure difference (0.9 bar) used
for processing panels for CAI testing (§ 5), being above the found threshold of 0.6 bar,
was enough to cause capsule breakage, as was observed. This was also confirmed with
the optical evaluation of the cross-sections of the panels used for CAI experiments, as
presented in § 5.3.
In conclusion, it was demonstrated that the presence of capsules modifies the linear
packing behavior of the glass reinforcements tested in dry conditions, especially in the
first packing steps when lower pressures are applied and the capsules are still intact; at
higher pressures, the probable capsule bursting corresponds to the elimination of the ef-
fect of capsules and the packing behavior follows again a power law as for plain samples.
The change in compressibility properties also means that lower fibre volume fractions and
higher overall stack thicknesses are achievable at equal applied pressure if capsules are
present. The phenomenon is enhanced as the capsule loading increases. These results
specifically applies to capsules with diameters in the range of 125-250 μm which func-
tionalise woven fabrics with the same order of inter-tow spacing dimensions. Lower size
capsules are expected to have a potentially different effect, as compaction will be less
impacted. Namely, a different capsule size may translate in a different value of pressure
threshold below which capsules remain intact. The results suggest the general necessity
to adapt further manufacturing parameters (i.e. degree of vacuum and matrix content) in
order to get comparable plain and capsule-containing samples as well as to avoid capsule
rupture thus the loss of the healing properties, as it occurred for samples used for CAI
testing. The results also suggest that for a given type of fabric architecture, only a limited
amount of capsules can be introduced and nest within the interstices, depending on their
size, thereby being protected during compression. Additional capsules will remain on the
fabric and most probably break during compaction of the preform.
6.2 Permeability behavior
The results concerning the permeability measurements of plain and capsule-functionalised
fabrics are reported hereinafter. Permeability was studied both in the longitudinal and
transverse directions using two different apparati.
The rheology of the fluids used for testing was first investigated. Figure 6.6 illustrates
the results of the rheological measurements as performed for the commercial silicone oil
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and the PEG/water solutions with concentrations varying between 2.8 mmol/l and 8.6
mmol/l. It was found that the solution PEG/water with a concentration of 5.7 mmol/l
presents viscosity values comparable to those of the commercial oil, thus it was selected
for the transverse permeability tests. Note that for each permeability test, the fluid
temperature was recorded at the injection point and the corresponding viscosity value
was taken from the graph for the permeability calculation.
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Figure 6.6: Viscosity as a function of temperature for the commercial silicone oil (in red)
and the PEG/water solutions with various concentrations.
6.2.1 Longitudinal unsaturated permeability of plain and capsule-
functionalised fabrics
The unsaturated permeability was calculated performing three tests for each type of
sample (i.e. capsule concentration) and using the Squared Flow Front Approach [145].
Typical plots of squared flow front position L versus time t follow a straight line with a
slope m that is determined for the calculation of the permeability. Based on Darcy’s law,
Equation 6.3 was used
Kuns,SFFA =
µϕ
2Pinj
m (6.3)
where Kuns,SFFA is the unsaturated longitudinal permeability, μ is the viscosity of the
impregnating fluid, Pinj the injection pressure at the inlet of the impregnation cavity and
φ the porosity of the fabric, given by Equation 6.4 that contains the fibre and capsule
contents Vf and Vc
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ϕ = 1− Vf − Vc (6.4)
Equation 6.3 is valid assuming one-dimensional constant injection pressure and con-
stant permeability along the flow direction. Before calculating the permeability values,
the curves of squared flow front position versus time were analysed. For plain samples,
it was found that, as expected, the curve is fairly straight, the slope m is constant and
an average value of 165 mm2/s is computed; examples are given in Figure 6.7. However,
this was not found for capsule-functionalised samples (V ∗c = 2.5, 5 and 7.5%): for all
these concentrations, the curves show two stages, with two different slopes m1 and m2
(Figure 6.8).
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Figure 6.7: Squared flow front position versus time for plain samples. Average slope m
is computed.
This is rather unusual in permeability measurement of textiles. A bilinear behavior
was a first estimation step to split these two different stages that have been noticed. The
first stage (up to approximately 40 mm infiltration length) was attributed to the presence
of a boundary area with a smaller concentration of capsules close to the edge, possibly
also escaping through manipulation of the stack. The second zone shows an increased
infiltration speed, which corresponds to an increased pore space and/or most probably to
increased capillary effects driving the flow in the presence of capsules. This second stage,
corresponding to the largest part of the curve, was considered for the evaluation of the
permeability. Particularly, under constant applied inlet pressure, it can be analytically
shown that L2/t increases if the flow reaches a higher permeability zone, since L
K
=∑
i
(
Li
Ki
)
[168]. Moreover, the capillary effects could be related to capsule presence and
also rupture; indeed, as one can observe in Figure 6.1, for all capsule concentrations,
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Figure 6.8: Examples of squared flow front position versus time for capsule-functionalised
samples. Different slopes m1 and m2 are indicated (unit is mm2/s). Curves are shifted
for clarity.
with the stack constrained in a 5 mm thick frame at 2 bar closure pressure during the
permeability measurement, the pressure applied to the stack corresponds to a pressure
above 1 bar, and capsules may break if not properly nested in the interstices of the fabric.
Consequently, debris may form, and some capsule content (EPA solvent) may be released
to the impregnating fluid. The viscosity of the fluid after testing was checked and found
to slightly decrease, but only by 3%, indeed contributing but not enough to explain the
large increase in infiltration speed. Moreover, no wash-out of intact capsules was noticed
in the outlet fluid, confirming that they stay in their position thanks to nesting and the
compaction pressure. Figure 6.9 summarises the permeability values, and a factor 6 is
found between the value for the plain fabric and all of the capsule-containing fabrics.
The large variability in the results is attributed to the manual sieving, combined with
the intrinsically high variability of permeability measurements. The similar values found
for the various capsule concentrations confirms that the pore space was similar at this
packing thickness for all samples, with increased breakage of the additional capsules that
did not get protected by nesting. Unfortunately, partial capsule breakage could not be
evaluated during or after the experiments in terms of amount of broken capsules, but
could be only visually verified.
In summary, it was found that capsules increase the permeability as compared to
plain samples, without any specific trend depending on their content. This increment
was related with the presence of driving capillary forces, correlated with capsule presence
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(higher spacing) and possible bursting. Moreover, the phenomenon is also enhanced by
the imposed Vf (given by the experiment cavity), which could result in capsule breakage
and release of solvent to the impregnation fluid, with consequent viscosity decrease (3%).
In terms of applications, impregnation kinetics tend to be enhanced in the longitudinal
direction, making the process time shorter.
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Figure 6.9: Longitudinal unsaturated permeability values as a function of the capsule
content.
6.2.2 Transverse saturated permeability of plain and capsule-
functionalised fabrics
The saturated permeability of plain and capsule-functionalised samples along the out-of-
plane axis was investigated. The values were calculated by applying the Darcy’s law as
in Equation 6.5
Ksat = − QLη
S∆P (6.5)
where Q is the flow rate measured at the outlet of the impregnation set-up after having
saturated the sample stack, L is the impregnation length, that is the height of the sample
stack, η is the viscosity of the impregnation fluid, S the sample surface (crossed by the
flow) and ΔP the pressure difference measured between the injection point and the outlet.
The hypotheses that Equation 6.5 requires to be applied, i.e. the use of a non compressible
and homogeneous fluid, a laminar and steady flow (Re<1), isothermal conditions, constant
pressure over the sample cross-section, are all respected. Figure 6.10 presents the obtained
results, as a function of the capsule content. The absence of wash-out phenomena was
100
Chapter 6: Packing and permeability properties of capsule-functionalised fabrics
also verified with the absence of capsules in the fluid at the outlet. All values are in the
range of 1·10-12 to 3·10-12 m2 and the absence of large standard deviations indicates
a good reproducibility of the experiment. Moreover, the results showed no remarkable
variation between plain and capsule-functionalised samples and there was not significant
trend that can be stated between different capsule concentrations.
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Figure 6.10: Transverse saturated permeability values as a function of the capsule content.
This leads to the conclusion that the permeability of the capsule-functionalised stack of
fabrics toward the PEG/water solution as impregnating fluid is not significantly affected
by the presence of the capsules sieved on each layer, for all concentrations. Since the
samples are constrained to fit into a 4.7 mm spaced impregnation cavity, by closing the test
cylinder, capsule bursting phenomena are here also expected. Nonetheless, the transverse
permeability seems less affected by those compared to the in-plane one, possibly because
it is a fully saturated measurement, not sensitive to capillary phenomena enhanced by the
presence of capsules. In terms of implications for a typical VARIM processing of the same
type of stack in order to obtain a good impregnation, the results bring to the conclusion
that there is no need to change any processing parameters when one moulds a capsule-
loaded composite compared to a plain one, at least in what concerns the out-of-plane
properties.
In summary, in terms of transverse saturated permeability, the capsule presence does
not present either beneficial or detrimental effects, so there are no specific implications
that need to be considered during VARIM of thick panels in the presence of capsules,
compared to plain conditions.
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6.3 Summary
The fabric functionalisation via manual sieving was the selected method for the introduc-
tion of the healing capsules into the composite prior to processing. This methodology
was validated as effective at least at a laboratory scale, since an acceptable degree of
capsule distribution was achievable. Moreover, for the selected textile type, 125-250 μm
was revealed as the appropriate capsule size fraction for manufacturing capsule-based
self-healing FRPs: capsules could geometrically fit the interstices of the fabric, although
a certain fraction of capsules, depending on V ∗c , laid onto the yarns: as a consequence,
an increase of the stack thickness and a change in the compressibility and permeability
properties were expected and further on confirmed. This was also in agreement with the
trends of cured panel thicknesses as a function of capsule loading as obtained with samples
for CAI tests.
Furthermore, it was found that the packing behavior of a fabric reinforcement stack
was modified by the presence of functionalising capsules, especially in the first packing
steps when lower pressures are applied and the capsules are still intact; at higher pressures,
the probable capsule bursting corresponds to the elimination of the effect of capsules and
the packing behavior follows again a power law as for plain samples. The phenomenon is
enhanced as the capsule loading increases and also means that lower fibre volume fractions
and higher overall stack thicknesses are achievable at equal applied pressure if capsules are
present. These findings confirmed the existence of a threshold above which capsules rup-
ture, as occurred for CAI samples which were processed at 0.9 vacuum pressure difference,
that is well above the found threshold. An adaptation of the manufacturing parameters
was thus strongly recommended in order to get comparable plain and capsule-containing
samples as well as to avoid capsule rupture thus the loss of the healing properties.
In terms of permeability, the results obtained suggested that, in the presence of func-
tionalising capsules, impregnation kinetics tend to be enhanced in the longitudinal di-
rection, while not significantly affected through-thickness. The phenomenon seemed to
be mainly related to high driving capillary forces, correlated with the capsule presence
(higher spacing) and their possible bursting.
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Assessment of solvent healing
through DCB and ENF tests
This chapter is dedicated to the critical assessment of healing a woven E-glass reinforced
epoxy using the solvent system explained in § 2.2.2. Tests are performed through ENF
and DCB experiments. The proposed method of integration of the healing system within
the composite prior to processing, consisting in the functionalisation of the reinforcement
fabrics by manual sieving, was used. Furthermore, the adaptation of the VARIM process
for producing capsule-containing panels was investigated as a reproducible and industrially
relevant manufacturing route, using widely used textile reinforcements and aiming at fibre
volume fractions of 50 vol% in the composite plate. A preliminary study concerning the
choice of an optimal vacuum pressure difference for VARIM and a suitable resin for
impregnation is first presented.
7.1 Investigation of the optimal VARIM vacuum pres-
sure difference
Figure 7.1 shows four optical images of the central capsule-functionalised ply after being
subject to different vacuum pressure differences varying between 0 and 1 bar (not all shown
for clarity). Capsules tend to break at the low ΔPvac of 0.3 bar. The first capsules to burst
were generally those laying on the tows, followed by those within the interstices which
break at higher ΔPvac. This suggested 0.3 bar as maximal vacuum pressure difference
recommended for use during further VARIM processing.
7.2 Resin selection
Before proceeding with the panel manufacturing, the selection of a suitable resin was
performed. Between the two resins available, EPON 862 (already used for producing
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0.2 bar 0.3 bar
0.4 bar 0.8 bar
Figure 7.1: Compaction test under vacuum: optical images of the capsule-functionalised
ply after undergoing different vacuum pressure differences.
CAI samples) was preferable for its lower viscosity, although its swelling properties in the
presence of EPA had been not yet investigated, nor its degree of polymerisation with the
cure cycle described in § 3.1.
DSC measurements of the degree of polymerisation led to find a higher conversion
for EPON 862 compared to EPON 828EL, at equal thermal treatment, as shown in
Figure 7.2. This translated in a lower swelling capability in the presence of EPA, as
shown in Figure 7.3. The presence of fewer residual functionalities (related to a higher
degree of conversion) and the consequent lack of swelling represent deleterious issues for
the healing mechanism. In order to keep EPON 862 thanks to its lower viscosity more
adapted to VARIM, the post-curing time of EPON 862 was reduced. However, it was
found that the same swelling capability was achievable for EPON 828 and EPON 862
when post-cured at 35°C during 24 h and 0h respectively, as shown in Figure 7.4. This
meant that EPON 862 should not be post-cured in order to observe a swelling comparable
to that of EPON 828EL. This solution had to be rejected since the epoxy system without
post-cure would be too unstable and destined to evolve (polymerise) over time at room
temperature.
This result confirmed another possible reason for the lack of healing of CAI samples
(§ 5), which were processed with EPON 862 and underwent a post-cure of 24 h. A too
high degree of polymerisation and the subsequent lack of swelling were possible causes
which could explain the failing of the healing system.
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Figure 7.2: Degree of polymerisation of EPON 828EL and EPON 862 as a function of
time. The conversions after 24 h curing and after 24 h post-curing are indicated with “-1
day” and “0 day”, respectively. Samples were stored at 22°C with 20% relative humidity.
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Figure 7.3: Evolution of relative mass gain of neat EPON 828EL and EPON 862 cylinders
immersed in EPA over time. Samples underwent 24 h post-curing at 35°C.
EPON 828EL was finally retained for our purposes, although its viscosity needed to
be tuned for use in a processing such as VARIM. Two solutions were proposed and inves-
tigated by rheology measurements: (1) the addition of 5-10 wt% of Heloxy 61 (viscosity
modifier) to the resin during mixing and (2) heating up the resin to 35-40°C during de-
gassing and molding. The results are reported in Figure 7.5. The second solution was
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favored, since no additional components had to be added to the system. Heating at ap-
proximately 30°C was causing the viscosity to drop from 20 Pa (20°C) to 2 Pa, reaching
a similar value compared to that of EPON 862. Moreover, it was verified that such a
thermal treatment did not modify the degree of polymerization after post-cure.
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Figure 7.4: Evolution of relative mass gain over time for EPON 828EL and EPON 862
with different degrees of post-cure (referred to as “PCnumber of hours of post-cure”).
Samples underwent 24 h curing at 25°C.
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Figure 7.5: Viscosity values for EPON 828EL with Heloxy 61 (5 and 10 wt%) and heated
at approximately 30°C, compared with EPON 862.
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7.3 Post-processing evaluation of the panels
After processing, the quality of the panels produced by VARIM with EPON 828EL (at
35-40°C and 0.3-0.4 bar vacuum pressure difference) was evaluated by optical imaging of
the composite cross-sections. Micrographs were taken on polished cross-sections cut in
different positions of the panels (top, center and bottom), parallel and perpendicular to the
resin flow. No significant differences in quality were noticed depending on the orientation
or on the position, and all images showed a very low porosity content (0.09%, average
on 5 micrographs). An example of the cross section of a plain composite is reported in
Figure 7.6.
Figure 7.6: Optical image of the cross-section of a plain sample. Scale bar indicates 2
mm.
Capsule-containing panels were also analysed. Again, no significant porosity was
present, with equivalent values to those obtained for plain samples. It was visually ver-
ified that capsules did not burst during processing and were still intact, and that their
adhesion to the matrix was good. We noted that capsules could indeed fit the interply
matrix pockets, aligning onto the ply they were sieved onto. Figure 7.7 shows a polished
cross-section optically imaged at the capsule location.
7.4 Influence of capsules on fracture properties
As explained in § 2.3.1, it is important to evaluate to which extent the presence of the
healing system influences the mechanical properties of the virgin material, prior to any
healing test. Here, Figure 7.8 and Table 7.1 show the results for DCB and ENF tests
respectively, for both plain and capsule-loaded composites. Note that the fibre volume
fraction was approximately 50 vol% for all samples. For a capsule loading of 15 wt%
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Figure 7.7: Optical images of the cross-section of a capsule-containing sample, at the
capsule location.
over the “local” matrix of the ply (equivalent to an overall capsule volume fraction in the
composite of 0.085 vol%), the normalised maximum load was not affected, in either Mode
I or II propagation. The fracture toughness, instead, showed a decrease of 25-30% for both
propagation Modes. Thus, in terms of energy release rate during the crack propagation,
the mechanical behavior of the virgin capsule-loaded composite was decreased compared
to that of the plain composite.
Test V ∗c (wt%) V f (%vol)
Normalised
max load (N)
Interlaminar
fracture toughness
(J/m2)
DCB 0 55.0 ± 0.010 101.1 ± 5.8 1152.0 ± 143.915 54.0 ± 0.012 85.9 ± 6.8 796.8 ± 139.2
ENF 0 44.5 ± 0.010 1447.7 ± 99.0 2987.1 ± 177.915 43.3 ± 0.006 1301.1 ± 102.1 2277.7 ± 294.0
Table 7.1: Normalised maximum load and interlaminar fracture toughness values of
samples tested with DCB and ENF tests, containing 0 and 15 wt% capsules over the
"local" ply matrix. Relative fibre volume fractions are also indicated.
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Figure 7.8: Normalised maximum load and interlaminar fracture toughness for samples
tested in Mode I and Mode II as a function of the "local" capsule weight fraction.
7.5 Healing efficiency assessment
The effectiveness of the solvent healing system was investigated and results are reported
hereinafter.
7.5.1 DCB testing
Healing efficiency values were calculated using Equation 3.18 and are reported in Table 7.2.
As aforementioned, the efficiency was calculated as a recovery of initial stiffness. The
values were found to be null after 1 or 5 days rest for control specimens, as expected.
However, healing was also not observed for healing specimens and this was quite surprising,
given the efficiency of the same healing system demonstrated by Neuser et al. for the
neat resin [9]. An example of loading-unloading virgin and healed cycles for a specimen
containing healing capsules with a healing time of 1 day is shown in Figure 7.9. No recovery
of stiffness between the virgin and the healed cycle is observed. Also, the maximum load of
the virgin cycle was not fully recovered during healing. A stick-slip behavior was observed
during propagation in both virgin and healed cycles, consisting in several drops of load
when the crack jumps ahead. Such behavior is commonly reported in literature for crack
growth of woven FRP specimens [1, 169].
Several tests were then performed in order to understand the absence of healing in
these FRP specimens. Towards verification that sufficient healing agent was available to
fill the delamination volume, a rapid primary investigation step was performed. Given
that the solvent-based system is able to heal only up to a certain crack gap size [9], this
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Test Sample V f (vol%)
Healing efficiency (%)
1 day 5 days
DCB
Plain 55.0 ± 0.010 - -
Healing 54.6 ± 0.015 -1.73 ± 1.75 1.89 ± 4.52
Control 53.5 ± 0.013 -0.75 ± 1.70 -2.16 ± 1.04
Neat - 100.39 ± 10.28 -
Joint - 13.47 ± 13.12 11 ± 6.63
ENF
Plain 44.5 ± 0.010 - -
Healing 42.9 ± 0.008 10.70 ± 5.23 10.76 ± 1.94
Control 43.8 ± 0.005 14.07 ± 3.08 12.79 ± 4.22
Table 7.2: Healing efficiencies (calculated as recovery of stiffness) of DCB and ENF
tests, for healing, control and neat samples, after 1 or 5 days healing. Relative fibre
volume fractions are also indicated.
consisted of a reduction in the crack size during healing by bringing the two crack faces
of the healing specimens in closer contact thus minimising the damage volume. This was
achieved by clamping two specimens at the crack locations, rather than only imposing
the two faces in contact at the location of the loading blocks. However, efficiency values
were calculated and no improvement was remarked.
Secondly, the healing capability of neat resin samples in the absence of reinforcing
fibres was verified. The mechanical tests, only performed with 1 day healing time, showed
full recovery of the initial slope (Table 7.2). This demonstrates the effectiveness of the
healing system in the case of neat resin. Note that the healing agent (approximately
3 ml) was manually injected into the delamination area in order to reproduce an ideal
case of full availability within the crack volume and validate the feasibility of healing.
Figure 7.10 shows an example of force-displacement plot for the aforementioned sample.
Although the healed peaked load was not fully recovered, the initial slope of the virgin
sample was retrieved after healing. This positive result, in agreement with previous work
on solvent capsule healing of neat epoxy resins [7, 9], suggested that the lack of healing
could potentially result from the presence of reinforcing fibres within the material adjacent
to the crack.
The joint specimens were then tested in Mode I. Healing efficiencies values were very
scattered, from 4 to 35% after one day, and from 6 to 21% after 5 days, indicating that
some healing could take place, but potential presence of porosity play a strong role. As
summarised in Table 7.2, which refers only to the average healing efficiencies, the joint
samples did not show healing as effectively as neat resin samples; however, they values
were not null as for for healing and control samples.
In summary, the present findings demonstrate the absence of healing in the case of
composite specimens. Conversely, efficiencies up to 100% were observed for neat resin
and as high as 35% (in best cases) for joint composite specimens containing a resin-rich
central layer. § 7.6 will investigate the causes of this behavior.
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Figure 7.9: Typical DCB curves showing the loading-unloading cycles of virgin and healed
composite specimens.
7.5.2 ENF testing
Healing efficiencies for samples tested in Mode II are also reported in Table 7.2. For
both healing and control samples (at 1 and 5 days rest) efficiencies are higher than those
obtained in DCB testing. A mechanism related to the type of testing for such samples
must be responsible for the non-zero healing efficiency values. A possible explanation
was found in the presence of capsules within the central ply of the specimen. After the
virgin test, these capsules break and much debris are left on the crack plane, possibly
inducing additional shear forces during the healed test and contributing to an increase
in the energy necessary to propagate the crack. As a countercheck, it was observed that
plain samples (without capsules) presented a null healing efficiency. In contrast with DCB
testing, Mode II testing cannot be considered as an adequate technique for evaluating
the intrinsic capability of samples to self-repair in the presence of embedded capsules.
Indeed, the shear forces acting to propagate the crack depend on the presence of capsule
debris remaining in the crack plane following the virgin test; thus the calculated healing
efficiencies are not representative.
7.6 Post-testing investigations
7.6.1 Swelling properties of the matrix
As a result of the outcome for Mode I testing, consisting of poor healing efficiencies for
the composite material but better healing properties for the neat resin, more specific
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Figure 7.10: Typical DCB curves showing the loading-unloading cycles of virgin and
healed neat resin specimens.
investigations were performed in order to evaluate the swelling of the material in the
presence of EPA solvent. According to [9], swelling is directly related to the mass gain of
the resin sample in solvent, as type II diffusion of the solvent was observed in the epoxy
samples.
The results for mass gain of the composite are presented in Figure 7.11. At equal time
of immersion in EPA, the fibre-reinforced samples showed a relative mass gain drastically
lower, namely 5 to 20% (depending on the days of immersion) of the mass gain obtained
for the neat resin samples. Similarly, low mass gains were observed by analysing the
fibre-reinforced resin curve normalised to the matrix weight fraction. Thus, the presence
of fibres on the sample surface significantly hinders solvent diffusion. This could be a
potential explanation for the lack of healing and restoration of mechanical properties in
composite materials.
As proposed by Neuser et al. [9], assuming a Case II diffusion with a square solvent
concentration profile, the thickness of the solvated layer can be evaluated. Figure 7.12
shows the expected swelling thickness as a function of time. This is calculated by assuming
the total mass gain and thus the change of volume are due to the solvent uptake, swelling
is isotropic and the influence of the curvature of the cylindrical samples is negligible. From
such a curve, considering a composite material, we can estimate that the maximal crack
separation (double the swelling thickness indicated in the graph, assuming that both the
crack faces equally swell) is equal to approximately only 6 μm after 1 day and does not
increase after 5 days.
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Figure 7.11: Evolution of relative mass gain of neat and reinforced epoxy cylinders
immersed in EPA over time. The curve corresponding to the fibre-reinforced epoxy nor-
malised with the matrix weight fraction is also reported.
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Figure 7.12: Evolution of swelling thickness of neat and reinforced epoxy cylinders im-
mersed in EPA over time.
In order to verify that the presence of fibres was the only factor responsible for low
swelling, the degree of polymerisation after curing, post-curing and 1 to 5 days dry ageing
was also verified. These values were then compared with the results obtained for the
neat resin [10], knowing that the matrix conversion can affect the swelling ability. As
visible in Figure 7.13, it was found that the composite did not present degrees of poly-
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merisation differing by more than 10% from the neat resin; consequently, varying degree
of polymerisation was excluded as the cause of low swelling and healing.
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Figure 7.13: Evolution of the degree of polymerisation of neat and reinforced epoxy as
a function of time. The conversions after 24 h curing and after 24 h post-curing are
indicated with “-1 day” and “0 day”, respectively. Samples were stored at 22°C with 20%
relative humidity.
7.6.2 Fracture surface considerations
Fracture surface analysis of the tested specimens was also performed. A SEM image
of the crack surface of a plain specimen superimposed with EDX analysis is shown in
Figure 7.14.
This reveals the presence of calcium (green) and therefore allows us to distinguish the
E-glass fibres (Ca-rich) from the polymer matrix. Overall, the surface ratio of matrix and
fibres in the fracture plane is equal, indicating that failure is dominated by interfacial
debonding between the fibres and the matrix. This mechanism of delamination between
fibre bundles and their surrounding matrix has been observed previously in many cases [1,
170] for woven composites. Interfacial debonding rather than crack propagation within
the intra-layer matrix is responsible for the low healing efficiencies observed, as the healing
system used requires resin-rich crack faces to lead to appropriate swelling and subsequent
healing.
Interfacial debonding is also observed in Figure 7.15, where the fracture surface of a
healing specimen shows darker resin-rich zones as well as exposed fibres (brighter grey).
Holes created in the resin by debonded capsules, mostly positioned within the interstices
of the woven fabric, are also observed.
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Observations at higher magnifications of the fracture plane (Figure 7.16) allowed the
identification of four possible types of capsule rupture upon crack propagation: (1) the
crack passes through the capsule breaking its shell, the healing agent is delivered and the
capsule shell remains attached to the matrix; (2) the crack induces the rupture of the
capsule and the delivering of the healing agent, but the capsule does not break in two
parts as for case 1 (explaining the small plies observed on the fibre bundle); (3) the crack
propagates at the capsule shell/matrix interface without breaking the capsules thus no
healing agent is delivered. It is believed that this behavior was not the most common
occurring during propagation, as visual observations during mechanical testing of the
specimen showed liquid wetting the crack; (4) upon crack opening, the capsule debonds
from the fibre and the matrix, and a hole is visible: Rupturing of these capsules is not
certain, but can be expected based on the shear forces occurring in Mode II propagation
and the crack closure when clamping the specimens.
Figure 7.14: SEM image of the crack face of a plain specimen, superimposed with an
EDX analysis which shows the presence of Calcium, i.e. E-glass fibres (green).
7.7 Summary
We have shown that glass fibre-reinforced epoxy plates, containing a solvent capsule-based
healing system and fibre volume fractions of approximately 50 vol%, can be processed
through Vacuum-assisted resin infusion molding. Particularly, the healing capsules were
introduced in the composite via manual dispersion on one ply of the fabric preform prior
to processing. Moreover, it was demonstrated that the vacuum pressure difference during
infusion must be kept lower than 0.3 bar to avoid premature capsule breakage and that a
suitable resin must be selected in terms of swelling properties and adapted viscosity. The
introduction of 15 wt% of capsules within the “local” matrix of the central ply resulted
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Figure 7.15: SEM image of the crack face of a healing specimen, showing traces of capsules
and fibre bridging.
in decreased interlaminar fracture toughness in Mode I and Mode II (of approximately
25-30%) as compared to plain composites, but did not significantly affect the peak load.
Mode II testing was shown to be inadequate for assessing the healing capability. Alter-
natively, Mode I testing allowed the calculation of healing efficiencies through evaluation
of initial stiffness recovery. Healing was not observed for composite samples; however,
efficiencies up to 100 and 35% were calculated for neat resin samples and joint samples,
respectively. Further investigations revealed that the lack of healing could be attributed
to two interdependent causes: (i) the lack of thick resin layers on the fracture surface,
resulting from interfacial debonding (observed as the main fracture mechanism occurring
during crack propagation), (ii) the poor swelling of the fibre-reinforced matrix in the
presence of EPA, revealing a decrease of 80-95% compared to the neat resin. From the
present findings, we conclude that a solvent capsule-based healing system is only suitable
for repairing neat resins or fractures that occurred within the matrix rather than at the
matrix/fibre interface, after static damage. Indeed, the presence of fibres hinders the main
trigger of the healing phenomenon, solvent diffusion. In cases where interfacial debonding
is the main failure mode and crack faces contain fibre-rich zones, other healing systems
(e.g. DCPD/Grubbs’ [1,2]) which are not based on the swelling capacity of the crack sur-
faces need to be selected. This may be necessary at the expense of the cost-effectiveness,
toxicity and homogeneity in properties between virgin and healed material. Even in low
fibre-volume fraction composites, if damage propagation occurs by interfacial failure, a
solvent-based system is not appropriate. Conversely, the present solvent-based system
could be applicable for self-healing of cracks presenting matrix-rich faces. Examples of
this include cracks occurring within resin joints between composites and matrix microc-
racks in static or fatigue loading. Repair of resin-rich joints could reach that of pure resin
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Figure 7.16: SEM image of the crack surface of a healing specimen, showing four different
means of capsule rupture.
by tailoring microcapsule content. Alternatively, we expect that repair of matrix micro-
cracks could occur where the crack thickness remains very low, for example in fatigue
loading with resting periods under compression or in very low energy impacts, provided
that interfacial failure is not the dominant damage mode.
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Perspectives on alternative healing
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8.1 Critical investigation
The healing system used in this work presents two main features. First, it is capsule-
based and offers several important advantages compared to tubular or vascular-based
self-healing approaches, predominantly the rather reduced influence of the healing system
on the Vf of the composite, as well as an easier introduction of the encapsulated agent into
the material. Second, it relies on the presence of an encapsulated solvent, which diffuses
through the material crack face. This is a clever concept, since it provides homogeneity
between the repaired portion and the undamaged material without the need for a new,
different monomer. In the case of plain epoxy specimens, the solvent is able to diffuse and
swell the crack faces and cracks due to static loading can be repaired. Fatigue cracks can
also be arrested owing to a reduction of the modulus at the crack tip, providing a crack
blunting effect. However, we demonstrated that the presence of fibrous material (glass) on
the crack plane significantly decreases the diffusion rate of the solvent molecules, prevents
swelling and consequently healing cannot occur. This was confirmed for interlaminar
static cracks only, although we believe that the healing phenomenon will be precluded for
all other cases when interfacial failure is predominant, including fatigue cracks, although
some crack blunting could still take place.
Other than demonstrating the inadequacy of this system for fibre-reinforced epoxies,
this work has shown a viable route of preparation and processing which is applicable to
many other capsule-based self-healing materials. Indeed, using standard textile reinforce-
ments, a method to introduce any dispersed encapsulated material prior to processing
was presented. The packing and permeability properties of such capsule-functionalised
textiles were studied. Equivalent techniques can be used for other types of capsules and
similar behavior could be expected. Furthermore, a reproducible processing technique
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such as VARIM was adapted in order to be effective in the presence of capsules. Hence,
the same manufacturing route can be proposed with other types of encapsulated (or par-
ticulate) material, with the aim of improving the healing efficiency. Some examples are
indicated in what follows. An adequate selection among these solutions must also require
a minimal reduction of the virgin properties due to the presence of the healing system.
Epoxy capsules The encapsulation of epoxy monomer is viable and the use of such
capsules, embedded within an epoxy matrix, ensures the compatibility between the host
and the repaired matrix. In the case of fibre-reinforced epoxies, such capsules can be intro-
duced to functionalise the textiles prior to processing. Different approaches are proposed
for triggering the monomer polymerisation:
. latent hardener functionalities could be present within the host matrix to react with
the delivered epoxy monomer. However, these functionalities may react over time
so are not suggested;
. encapsulated cross-linker can be dispersed onto textiles together with epoxy capsules
prior to VARIM. This approach raises some additional issues: (i) the encapsulation
of cross-linkers (such as amines) is problematic due to their reactivity and wide
miscibility range, although some attempts of encapsulation were recently successful
via microfluidics [171]; (ii) the epoxy/amine reaction is dictated by stoichiometry;
thus, an adequate amount of capsules should be dispersed and ruptured by the
propagating crack. Such a system was recently used by Neuser et al. [172] to restore
fracture toughness in plain epoxies;
. catalyst particles can be dispersed onto textiles or within the matrix (if the matrix
viscosity is not beyond the adequate range for infusion processes) prior to processing.
The choice of a suitable catalyst which can initiate the polymerisation of epoxies
is crucial. The recent work of Coope et al. [70, 71] can be referred to, with scan-
dium(III) triflate as an available candidate. Such a catalyst, indeed, can react with
epoxies such as DGEBA without any stoichiometric requirements and presents low
cost and toxicity. An alternative catalyst dispersion which could also be proposed
is found in the patented work of Skipor et al. [105]. Here, the catalyst is chemically
attached to the outer shell of the monomer-filled capsule and can thus provide an
in-situ polymerisation, provided the contact with the monomer is established;
. the co-encapsulation of monomer and cross-linker, provided that their reaction re-
mains latent, could be a promising solution. Stoichiometry would be allowed and the
intimate contact between the two reactants would be ensured. These two-component
capsules could also be dispersed onto fabrics prior to processing.
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All these solutions seem promising for the self-healing of delaminations in fibre-reinforced
epoxies, including cases when the failure occurs at the fibre/matrix interface. In all cases,
the amount of the epoxy monomer must be enough to fill the crack volume. Moreover, the
availability of the (latent) cross-linker or catalyst on the crack plane is necessary, especially
in the presence of reinforcing fibres, since the polymerisation of the epoxy monomer must
occur in situ within the crack volume.
Other monomer capsules The incorporation of encapsulated monomers such as DCPD
and ENB in the fibre-reinforced epoxy could also provide an effective healing, although the
homogeneity between virgin and repaired material is not ensured. Considerations related
to the epoxy capsules also apply to this approach. As yet, the choice of adequate catalysts
for these monomers is required and was investigated in several studies (§ 2.2.2), trying to
find solutions which were not toxic, not expensive and not stoichiometry-dependent. Sin-
gle attempts using DCPD with expensive and toxic Grubbs’ catalyst for fibre-reinforced
matrices were performed by Kessler et al. [1,2]. This fully integrated system (i.e. both the
catalyst and DCPD capsules are embedded in the matrix by pre-mixing with the epoxy
matrix) led to promising efficiencies, especially in the case of “hot” healing (80°C). This
can encourage new results, provided that a better and cheaper catalyst is used and a more
reproducible processing (such as VARIM) is adopted.
Thermoplastic particles As mentioned in § 2, the use of low melting point thermo-
plastic particles embedded in thermoset matrices can be envisioned in order to provide
healing. In the case of composite materials, thermoplastic particles would need to be
mixed with the epoxy matrix or dispersed onto the fibre reinforcement prior to process-
ing.The advantage of this approach is of being repeatable and latent, since the healing
mechanism is inherent to the stable chemical structure of the polymer. A drawback con-
sists however on some external activation such as heat or light required for triggering the
repair [173]. The healing mechanism could be considered as belonging to the extrinsic
category, since the particles are introduced as additives, but based on an intrinsic chain
re-entanglement of the thermoplastic phase itself. Toughening could also be imparted if
the thermoplastic particles induce crack bridging, pinning or a deflection of crack paths.
Provided that the crack propagates through (or at the interface of) the thermoplastic par-
ticles, the healing mechanism upon heating would involve: (i) melting of the encapsulated
thermoplastic phase, (ii) flow/reversibility of the melt and filling of the crack volume (also
improved by the volume expansion of the thermoplastic upon melting, normally higher as
compared to the epoxy resin), (iii) solidification of the thermoplastic phase upon cooling.
Reversibility means two possible mechanisms:
1. chain re-entanglement of the thermoplastic material, based on the chain mobility
which is thermically enhanced;
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2. reversibility of non covalent (e.g. hydrogen or ionic) bonding in the thermoplastic
clusters.
The use of such thermoplastic particles in thermoset resins is reported in the literature
in several publications. Belonging to the second category (for which a schematic of the
mechanism is given in Figure 8.1) as referred hereinabove, poly(ethylene-co-methacrylic
acid) or EMAA has been widely used as the principal ionomeric copolymer for self-healing
applications. This copolymer, indeed, is able to form clusters containing ionic segments
that act as reversible cross-links being triggered by UV radiation or temperature.
Figure 8.1: Schematic of the healing agent delivery mechanism in the presence of ther-
moplastic microparticles embedded in a thermoset material [174].
Meure et al. [174] transformed EMAA pellets into microparticles by cryogenic grind-
ing and further mixed the particles to epoxy resin (DGEBA) heated at 70°C, prior to
the addition of the hardener. The healing mechanism was assessed through testing us-
ing SENB and TDCB geometries and a recovery of fracture toughness of approximately
80% was shown. The healing cycle consisted of 30 minutes at 150°C. The same authors
also showed that changes in the surface chemistry of EMAA subsequent to DGEBA and
hardener adsorption revealed the likely formation of hydrogen bonds and ionic bonds
respectively during the curing process. Moreover, the higher temperatures used during
post-curing and healing also promoted the formation of covalent bonds as a result of
acid-oxirane/acid-hydroxyl reaction that can be expected to contribute significantly to
the interfacial strength [175]. EMAA under the form of microparticles were also inserted
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into FRPs, namely carbon woven fabric epoxies, by Pingkarawat et al. [176] The compos-
ite material was manufactured by hand lay-up with 10 wt% EMAA microparticles. The
healing cycle consisted of 20 minutes at 150°C and the efficiency was quantified through
DCB testing. The influence of the EMAA microparticle presence on the virgin mechanical
properties was also investigated and an improvement of fracture toughness of 63% was
found, due to toughening mechanisms.
Besides EMAA, other thermoplastic materials such as ethyl vinyl acetate (EVA),
poly(ethylene-co-glycidyl) methacrylate (PEGMA), poly(ethylene-co-methacrylic acid)
(EMAA), acrylonitrile butadiene styrene (ABS), maleated styrene ethylene butadiene
copolymer (SEBS) and poly(vinyl butyral) (PVB) were also explored as alternative copoly-
mers [173].
Belonging to the first category, poly(caprolactone) or PCL is an example of ther-
moplastic material with a high volume expansion coefficient and able to provide chain
re-entanglement upon heating, thus becoming a good candidate for healing purposes.
No literature studies presented the use of PCL microparticles embedded in epoxy resin,
although it is herein believed that such a morphology could also provide effective healing.
8.2 Preliminary study (thermoplastic particles)
An experimental attempt was performed during the last months of the present thesis for
exploring the possibility to improve healing with the use of thermoplastic particles.
Polycaprolactone (PCL) was purchased by Sigma Aldrich, with a molecular weight of
42500 g/mol and a cost of 122 CHF per 100 g. It is presented under the form of pellets,
with the characteristic temperatures as indicated in Table 8.1 and a viscosity dependence
as presented in Figure 8.2.
Tg (°C) -91.4 ± 0.49
Tc (°C) 21 ± 0.56
Crystallisation enthalpy (J/g) 66.3 ± 1.24
Tm (°C) 62.85 ± 1.48
Melting enthalpy (J/g) 93.7 ± 0.93
Table 8.1: Characteristic temperatures of PCL pellets as purchased, measured by DSC
(cooling/heating/cooling ramp from room temperature to -150°C, then to 120°C, then to
0°C was performed at 10°C/min under nitrogen).
In order to produce self-healing FRPs based on the addition of a thermoplastic additive
under the form of microparticles, intended to work similarly to the solvent microcapsules
healing, PCL microparticles had to be produced. Since PCL was purchased under the
form of pellets, a procedure based on [177, 178] was followed in order to transform them
to particles with diameters of 125-250 μm. First, 300 mg of PCL pellets were dissolved
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Figure 8.2: Viscosity of PCL (as purchased) as a function of the temperature. The
measurement was obtained with AR 2000 ex (TA instruments) rheometer with a standard
Smart SwapTM Peltier plate for the temperature control. The test procedure consisted
in a continuous flow-mode temperature ramp lasting 30 min between 70 and 150°C, at a
constant shear rate of 10 1/s. The Newtonian behaviour was also previously checked.
into 3 ml of dichloromethane (DCM, Sigma Aldrich) using a magnetic stirrer. The solu-
tion was then added to 40 ml of a 1% wt/v PVA aqueous solution (Sigma Aldrich) and
stirred at 1300 rpm for 4 h, until the DCM is evaporated. In order to limit foaming, a
few drops of octanol were added during stirring. The obtained particles were washed with
distilled water and left to dry for 24 h, then sieved to retain the 125-250 μm size frac-
tion. Figure 8.3 shows the aspect of PCL microparticles as obtained with the procedure
aforementioned. The size fraction 125-250 μm was analysed. The number-length average
diameter calculated for the present fraction was 206.73 ± 32 μm, which agrees with what
expected by stirring at 1300 rpm and fits with our purposes.
Figure 8.3: Optical microscopy image of PCL microparticles belonging to the 125-250
μm size fraction.
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Moreover, it was confirmed that the procedure for transforming PCL pellets into
microparticles does not significantly affect the characteristic temperatures (Tg, Tm and
Tc) and the thermal behaviour, as shown in Figure 8.4.
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Figure 8.4: DSC curves for PCL pellets as received from the manufacturer and PCL
microparticles as obtained with the indicated procedure (with and without the addition
of octanol).
The procedure to introduce the thermoplastic particles into the composite followed
the one developed for the introduction of solvent capsules. We refer to § 3.8.3 for detailed
indication of the procedure. Namely, thermoplastic particles were dispersed by manual
sieving onto fabric textiles prior to processing and then functionalised stack of textiles
were impregnated with epoxy. Manufacturing of composite samples was performed by
VARIM and three types of composite plates were processed, varying the loading of PCL
particles, namely 0, 15 and 30 wt%, considering the ply matrix. A target fibre volume
fraction Vf of 50 vol% and a final plate thickness of 5 mm were sought. The vacuum
pressure difference was kept this time at 0.9-1 bar during the whole processing time, since
there was no risk that the healing agent could be damaged. The plates underwent a curing
treatment of 24 h at 25°C and post-curing of 24 h at 45°C, for achieving full conversion.
Testing also followed equivalent procedures (§ 3.8.4). The influence of the presence
of the PCL microparticles on the mechanical properties of the virgin material was evalu-
ated first, prior to any healing test. This was assessed through DCB tests analogously to
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solvent capsule-based systems (§ 3.8.4). Figure 8.5 shows the results for plain and PCL
microparticle-loaded composites, in terms of Vf -normalised maximum load and interlam-
inar fracture toughness in Mode I. In terms of Vf -normalised max load, the presence of
PCL microparticles does not have a significant effect. However, the interlaminar fracture
toughness presents a drastic decrease for 30 wt% of PCL microparticles, as compared with
0 and 15 wt%. This might indicate weak bonding between the continuous phase and PCL
particulate phase, which translated in easy paths where the crack could propagate with
the absence of the aforementioned toughening mechanisms.
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Figure 8.5: Normalised maximum load and Mode I interlaminar fracture toughness, as a
function of the "local" PCL microparticle weight fraction.
Healing performance was then assessed. The healing stage consisted of a thermal
treatment of 30 min at 80°C. Samples were left unloaded during healing, with only the
crack faces imposed to be in contact at the location of the loading blocks (this induced
a reduction in the crack thickness, but no clamping at the crack location was applied).
An example of typical load-displacement curves obtained for PCL microparticles-loaded
FRPs is shown in Figure 8.6, for the virgin and after healing condition.
From such curves, healing efficiencies in terms of slope and max load were calculated
and are reported in Table 8.2.
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Figure 8.6: Typical load-displacement curve for PCL microparticles-loaded FRPs, tested
in the virgin and healed conditions.
PCL microparticles
"local" fraction (wt%)
Healing efficiency
(slope-based) (%)
Healing efficiency
(max load-based) (%)
15 30 ± 19 25 ± 7
30 34 ± 18 13 ± 4
Table 8.2: Healing efficiencies for 15 and 30 wt% loadings of PCL microparticles in the
FRPs.
Efficiencies in terms of interlaminar fracture toughness are missing, since the crack
propagation could not be determined for the healed sample. The obtained values of ef-
ficiency were low for both 15 and 30 wt% PCL microparticles, both in terms of slope
and maximum load. This let us conclude that the scarce coverage of the fracture plane
with PCL microparticles and/or poor interface bonding between microparticles and sur-
rounding matrix were responsible for low healing efficiencies. SEM imaging confirmed this
hypothesis, as visible in Figure 8.7, which represents a crack face after testing, healing and
further testing. However, since efficiencies were not null, promising paths can be suggested
for new experiments using these type of particles as repair agents. Moreover, the results
can be intended as a demonstration that the same preparation and processing procedures
can be successfully applied to another type of embedded particulate material and crack
repair at some extent can be provided since the healing mechanism is compatible with
the presence of reinforcing fibres.
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Figure 8.7: SEM image of the crack face of a sample containing 30 wt% PCL particles
over the ply matrix. Prior to imaging, the sample has been tested, healed and re-tested.
8.3 Summary
This chapter summarised potential alternative healing approaches which could solve the
main issue observed for the solvent capsule-based system (i.e. the lack of efficacy in
the presence of reinforcing fibres on the crack plane). Healing solutions which could
be integrated within the composite material using equivalent manufacturing routes as
those developed in the present work were suggested, namely based on epoxy or other
monomer capsules and thermoplastic particles. The application of one among these solu-
tions (i.e. polycaprolactone particles) was also reported as a “proof of concept”, although
further investigations are needed and can be conceived as future work.
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The main objective of the present work consisted of the production of a woven fibre-
reinforced thermoset containing an extrinsic capsule-based healing system and the sub-
sequent study of its healing properties. Specifically, a solvent capsule healing system
was selected for the repair of interlaminar damage: such a healing system was intended
to serve as a model system, which is equivalent to and could be substituted with other
particle-based healing approaches. Indeed, capsules or particles can be introduced in
structural fibre-reinforced materials for healing or other purposes. Woven glass fabrics
were chosen as standard reinforcements with a surface morphology on which capsules
could be integrated. The integration of capsule-based healing system into composites, the
adaptation of standard processing techniques in the presence of the healing system and
the achievement of significant healing properties are still great challenges in the field of
self-healing materials.
The work took place in 4 stages, namely (i) the production and characterisation of
solvent-filled core/shell capsules, (ii) the integration of such capsules into the compos-
ite prior to processing and the study of packing and permeability properties, (iii) the
manufacturing of the composites and the assessment of their self-healing properties us-
ing different testing approaches and (iv) a critical assessment of alternative healing routes
suitable for fibre-reinforced epoxies. Several goals were achieved and the main conclusions
for each of these investigations are given below.
The production of 125-250 μm solvent-filled microcapsules by the (already established)
oil-in-water emulsion technique enabled tuning of the capsule diameter by setting a specific
stirring rate. Capsules with different core material (EPA, HA) and mono- or double-wall
shells (pure-UF, UF-PU) were obtained by using the same technique with slight variations
of the procedure.
It was verified that the capsule core does not influence the capsule thermal behavior;
however, it relates to the temperature at which the mass loss is located, which is associated
to the boiling point of the core material.
Double-wall shells provided the capsules with an undoubtedly higher thermal stability,
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independent of their core, making them suitable for higher temperature applications.
Double-wall shells also presented a 4-6 times higher thickness compared to pure-UF shells,
which scales with the capsule diameter until a saturation value. Double-wall shells resulted
in a lower modulus, but higher burst forces and elongation at break, making them more
appropriate for use in the presence of harsh processing conditions. For our purposes,
mono-wall capsules were selected as suitable, since the maximum temperature which
is attained during curing and post-curing did not exceed 35-40°C and mild processing
conditions could be adopted.
A protocol was proposed concerning the integration of the healing system into the
composite, consisting of the manual dispersion of capsules onto the reinforcement textiles
by hand sieving prior to processing. This methodology was validated as effective at least
at a laboratory scale, seeing as an acceptable degree of capsule distribution was achievable.
Some progress can be envisioned through adaptation of this technique to more industrial
scales, requiring, for instance, automated capsule production and dispersion onto fabrics.
Moreover, 125-250 μm revealed as an appropriate capsule size fraction for manufacturing
capsule-based self-healing FRPs with a standard woven reinforcement, since capsules could
geometrically fit the interstices of the selected fabric. However, depending on the capsule
volume fraction, an increase of the stack thickness and a change in the compressibility
and permeability properties were expected and further confirmed. More specifically, the
packing and longitudinal permeability behavior of a fabric reinforcement stack were found
to be affected by the presence of functionalising capsules. These findings suggested that
an adaptation of the manufacturing parameters is strongly suggested in order to avoid
premature capsule rupture and maintain adequate impregnation kinetics.
Finally, for the manufacturing of the capsule-containing composites, a vacuum infusion-
based technique was applied, rather than longer and less reproducible wet lay-up ap-
proaches. Due to the presence of capsules, the technique required tuning in terms of
lay-out and vacuum pressure difference. Industrially relevant fibre volume fractions of
approximately 50 vol% were achieved. We believe this is important progress in terms
of how any capsule-based self-healing composite can be manufactured with reproducible
features.
The key result of the healing assessment demonstrated that no healing (1-2%) was
observed for Mode I interlaminar cracks of composite samples. This lack of healing was
attributed to two interdependent reasons: (i) the lack of thick resin layers on the fracture
surface, due to interfacial debonding observed as the main fracture mechanism occurring
during crack propagation, (ii) a poor swelling capability of the fibre-reinforced matrix in
the presence of EPA, lowered by 80-95% compared to the neat resin. As a countercheck,
efficiencies up to 100% and 30% were calculated for samples made of unreinforced epoxy
resin and resin-rich joints between composites, respectively.
Alternative healing assessments for interlaminar cracks propagated in Mode II and
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due to low energy impacts were also carried out, but did not seem suitable tests for an
appropriate evaluation of the healing performance.
We concluded that a solvent capsule-based healing system is only suitable for repairing,
after static damage, neat resins or fractures that occurred within the matrix rather than
at the matrix/fibre interface. It is worth mentioning that interfacial cracks likely also
occur in low fibre-volume fraction composites as the crack propagation at the matrix/fibre
interface is preferential. Further investigations can be contemplated for the effectiveness
of the present solvent-based system for the repair of cracks presenting matrix-rich faces,
such as cracks occurring within resin joints between composites and matrix microcracks
in static or fatigue loading.
In cases where interfacial debonding is the main failure mode and the crack faces
contain fibre-rich zones, other healing systems must be proposed. A literature review
indicated epoxy or other monomer capsule-based systems as promising approaches, since
they are not based on the swelling capacity of the crack surfaces. Also, a preliminary ex-
perimental study showed that thermoplastic particles can also be effective healing agents
compatible with the presence of fibres. These healing systems could potentially be in-
tegrated into the composites by following guidelines equivalent to those given here for
solvent capsules.
A main outcome of the present work is the proof that a healing approach demonstrating
a sufficient efficiency for neat polymers does not directly translate into an efficient healing
of matrix cracks in fibre-reinforced polymers. Several key factors arise and need to be
solved: these mainly include the method of integration of the healing system, the choice
and adaptation of the manufacturing technique, the influence of the healing system on
a variety of material properties, the choice of a suitable test to quantify healing. Using
an equivalent healing concept, the solutions to answer the composite related issues may
differ from those optimised for the healing of neat polymer. Even more importantly, the
effectiveness of the healing system for neat polymers can be totally compromised in the
presence of fibre reinforcement and an alternative approach must then be considered. In
general, a successful healing approach for composites should address theses issues from
the beginning, and still represents a (partially, at least) unsolved problem. As a result,
the selection of a suitable healing concept for composites requires to address a certain
number of trade-offs: (i) should we opt for an industrially relevant processing and fibre
volume fraction (as the one herein proposed, which is at least suitable for small series) or
for more complex and cumbersome manufacturing steps that would significantly lengthen
the cycle times (as for some microvascular systems, which require to imprint the vascules
and remove them after processing, then to inject a liquid through a pumping system)?
This may require performing trade-off cost and cycle time analysis versus the potential
gain in maintenance and safety of the final part. (ii) Should we opt for an extrinsic or
intrinsic system? Intrinsic systems seem to be preferable, but they may entail a more
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difficult process route if the matrix viscosity is too high, and more importantly they may
lead to composites with very different properties, as they are in general much less stiff.
Also, adhesion to the fibres needs to be checked. If an extrinsic system is selected, as in
the present case, the one-component approach based on solvent healing is not appropriate
except in very specific cases, so a two-component healing approach seems preferable.
However, in that case, an adapted system for hardener/catalyst is needed, and this is
still a topic of intense research. (iii) Are we ready to accept that healing is triggered
by an external factor like temperature, pressure or light? This may seem complex, but
potentially less than having a reservoir of healing agent ready to be pumped to the crack,
which also will require some external actuation. (iv) Should we restrict the crack gap
to heal to a micro-crack thickness, such as encountered in fatigue, or should we opt
for a healing concept involving significant volume expansion to fill the gap? Or should
we devise systems to assist crack closure, such as shape memory alloy (SMA) or shape
memory polymer (SMP) wires? This is also the subject of intense research in the self-
healing community. Many questions remain, although we hope this work contributed
to elucidate some critical hurdles towards effective healing properties for fibre-reinforced
polymers.
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